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I. INTRODUCTION 

The motivation for the search for sources of energy, other than fossil 
fuel are graphically illustrated in Fig. 1 where we plot the fossil fuel 
consumption rate as a function of time from the past and projected into the 
future. On this scale, quads/year, the consumption rate was not even 
significant until ti;a 19th century. Basically, the message is that we are 
using our reserves of fossil fuel at a rate which demands that other 
significant sources of energy be developed. It is projected that solar energy 
can account for — 10J£ of the future energy requirements. The only other 
sources which will supply our requirements are fission, and if it can be 
developed, fusion. There is no need here to discuss the concerns in utilizing 
fission energy as our major energy supply. It is sufficient to say that 
i ission is L.'ie only source which is presently available that can be utilized 
to replace our fossil fuel energy resource. 

Fusion is the process which produces energy in 'he sun and the stars. It 
is also the nuclear reaction process which is utilized in the hydrogen bomb. 
Thus, it is not a question of whether fusion can work and produce energy, it 
is a question of whether it can be produced on a scale which would be useful 
in a reactor to produce energy. In the sun, the primary fusion reaction 
occurs between two nuclei of the first isotope of hydrogen. The rate that 
this reaction proceeds makes it infeasible for i-tilization in a reactor. The 
other two isotopes of hydrogen, deuterium and tritium, are the favored fuel 
elements for a fusion reactor. Deuterium occurs naturally in nature. 
Tritium would have to be produced in the fuel cycle of the fusion reactor 
slice it does not occur naturally. The source of deuterium is from water. In 
every 6,500 molecules of water, there are two molecules of heavy water, HDD. 
The two reactions of interest for fusion are: 

„ + n * T(1.01 MeV) + p(3.02 MeV) 
*" 3He(0.82 MeV) + n(2.45 MeV) 

D f T *- 4He(3.5 MeV) + n(H.l MeV) 

Eq. 1 

Eq. 2 
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As we can see, both of these fusion reactions are very energetic with the 
DT reaction being favored because of the greater than a factor of 3 in 
energy release. It is also easier to produce, the tmperature required 
of the fusion fuel being approximately a factor of 5 lower. If we 
convert the deuterium in heavy water to fusion energy, then one gallon of 
water has the equivalent energy of 250 gallons of gasoline. If we 
utilize lithium in our fuel cycle to produce the tritium, then the 
deuterium in one gallon of water has the energy equivalent of 850 gallons 
of gasoline. Thus, measured in the world energy consumption in 1976, the 
world reserves of energy in deuterium are 6 x 10 years. The energy 

P reserves in lithium are 9 x 10 years. Thus, it is clear that if 
fusion energy can be developed as a fuel for a fusion reactor then the 
question of energy for the future is settled. 

The basic problem in producing the fusion reaction is tj have the 
deuterium and tritium nuclei collide with sufficient energy to overcome 
the potential barrier. In a thermal mixture of the fuel, this translates 
to a temperature of approximately 10 K. or 10 keV. The basic concept 
is to heat a mixture of DT to this temperature and confine it long enough 
so that enough fusion reactions are produced and the energy yield is more 
than that which was required to prepare the fusion fuel. This translates 
to a requirement first enunciated by Lawson which says that the density 
confinement time product, nx ~ 1 0 nuclei sec/cm1*. 

Two approaches are being pursued to achieve the requireo temperatures 
and density confinement time product. Historically, magnetic confinement 
was considered first. In this approach the plasma, the DT mixture at a 
temperature of 10 keV is a plasma or mixture of nuclei and electrons 
which is confined by a magnetic bottle. A magnetic field is arranged so 
that the plasma is trapped inside a magnetic well. Strength of materials 
limits the magnitude of the magnetic field which can be utilized to 
—100 kG. This leads to number densities of 10 nuclei/cm3, thus 
requiring confinement times of 10's of seconds. The second approach, 
which has been pursued since about 1970, is called inertia! confinement. 
The temperature and density confinement time product requirements are 
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still the same. In this approach we increase the density many orders of 
magnitude and thus, decrease the required confinement time. Basically, 
the concept is that if the density is high enough then the material can 
react before it disassembles. Fig. 2 shows the processes which we 
utilize to achieve the burn of DT in inertial confinement. A spherical 
mass of fuel is heated by laser energy impinging on the outside of the 
pellet. The hot plasma which expands outward produces a compression wave 
propagating towards the center of the capsule. The compression of the 
capsule is programmed so that the final fuel density achieved is 
l,000-10,000x the original liquid density of DT. In DT at l,000x the 
density of liquid OT, the number density is 3 x ID nucleVcm , thus 
requiring a confinement time of only 30 psec, thus the diameter of the 
superdense compressed DT mixture is ~ 100 u> and at the burn temperatures 
of ZO-50 key, free expansion of the material is the order of 10's of psec. 

Although the concept of inertial confinement fusion dates back to the 
Manhatten project and successful experiments in this field date back to 
1950 with the detonation of the first thermonuclear device in the Pacific 
by the United States, ft was not until much later in 1960 that studies 
of microfusion using the inertial confinement approach started to 
evolve. In the following sections we are going to discuss diagnostic 
instrumentation and experiments relevant to the use of high intensity, 
high energy, short pulse lasers to produce microexplosions of inertially 
confined thermonuclear fuel. We will also briefly discuss the laser 
irradiation facilities at LLL. 

Basically, we can divide the experimental program into two time 
phases and into three subject areas for the second time phase. The first 
time phase which dates from 1963 until approximately 1974, was 
characterized by experiments which involve the heating of planar, solid 
materials of LiO or CD, where the laser was used simply to raise the 
temperature of the material to levels required to produce fusion 
reactions. The second time phase of the experimental program which 
extends to the present is characterized by the irradiation of spherical 
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pellets to produce high densities and thermonuclear conditions. The 
second time phase became public with the declassification of the high 
density approach to inertial confinement fusion which was first reported 
by John Nuckolls.3* 

Experiments since 1974 have concentrated on the coupling of the laser 
energy to the spherical pellets, the transport of the energy to the 
ablation surface, and the compression of the fuel to the high densities 
required for efficient burnup in small pellets. It has been shown that 
the densities required for efficient burnup in small pellets are of the 
order of 1000-10,000x liquid density of CT which is the favored fuel for 
inertial confinement fusion. 8ecause of the high densities and the 
short lifetime of the imploded fuel and the small dimensions associated 
with fusion capsules of today and for energy applications, we must expect 
that we will have to develop new diagnostic instruments and techniques to 
provide the necessary experimental information for correlation with the 
theoretical and numerical calculations. The experimental program then 
divides itself into three subject sections - the first is the diagnostic 
instrumentation which is used and which will be used in the future in the 
laser fusion experiments. We divide the experiments into two sections -
the first is on the interaction of the laser light with the plasma and 
the transport of the energy in the generation of the spherical 
compression waves. This second phase of the experimental program is the 
study of the compression of the fuel and the heating of the fuel to the 
thermonuclear conditions. Finally, we will conclude with projections of 
high yield experiments that will be performed early to mid 19BO's with 
facilities that are capable of producing more energy from the fusion 
process than is provided by the laser driver. 

*An earl'er publication in 1967 had proposed shock compression and 
heating of a gaseous fuel in a spherically convergent geometry. However, 
because of the low final density, this approach is not of interest for 
energy production. 
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Now let us go back and examine the early experimental era in the 
laser fusion program. Shortly after the discovery of the Q switched 
laser which is capable of concentrating significant energy and power into 
a small space, several scientists recognized that concentrations of 
electro magnetic energy to intensities of 10 - 1 0 1 7 W/cm 2 could 
lead to the heating of fusionable nuclei to temperatures where fusion 

? *5 fi 
would occur. ' ' As a result of tiie Initial publications on these 
possibilities, laboratories in the United States, the Soviet Union and 
France became interested in the possibility of producing the fusion 
reaction in the laboratory using the laser as the heating source.* In 
1968 the laboratory, headed by Academician Basov, was the first to 
demonstrate that the fusion reaction could be produced by heating a 
lithium deuteride solid material with a focused neodymium glass laser 
beam. The CEA laboratory at Limeil, France, was also successful in 

o 
producing neutrons from deuterium nuclei in 1969 and in 1970 the 
Lawrence Radiation Laboratory also produced neutrons from the focusing of 
intense neodymium laser light onto CD, surfaces. Early calculations 
of these experiments indicated that it was probable that the fusion 
reactions that were observed by the experimenters were produced by a 
thermal heating of the fusion fuel to thermonuclear conditions. As has 
been known fcr many years, there is a very important difference between 
thermonuclear conditions and fusion reactions produced by a beam of high 
energy particles incident on a stationary target. A number of magnetic 
confinement fusion projects which had produced large numbers of neutrons 

*Recent discussions with physicists from the Institute of Optics and Fine 
Mechanics in China indicate that they began a program in laser fusion in 
1964. 
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in their early experiments, and thus appeared very promising, were 
subsequently determined to have produced the reactions by a beam of 
accelerated nuclei due to instabilities in the magnetic containment 
process. 

The number of neutrons that were produced in experiments during the 
time frame of 1968 to 1972 was very small, only of the order of a 
thousand to a million per experimental event. At one conference on laser 
plasma interaction with matter in 1969, one of the observers from the 
magnetic confinement fusion program observed that he could produce more 
neutrons by rubbing a stick of deuterium against the seat of his pants. 
There was a certain measure of truth in the statement made by Dr. Tuck of 
the Los Alamos Scientific Laboratory in that the experiments at that time 
were very puny and it was much too early to extrapolate a rosy future for 
such an approach. In fact, later in 1972 researchers at the Los Alamos 
Laboratory demonstrated that in fact most of the reactions that had 
been observed were most likely due to accelerated deuterons in the corona 
of the plasma interaction regime. These accelerated deuterons were 
colliding with either the initial target material at solid density or 
deuterium evaporated onto the various elements in the experimental 
chamber, thus producing beam-target neutrons and not thermonuclear 
reactions. These early experiments were characterized by relatively 
small laser energies —10-100 J delivered to targets in times of the 
order of several nanoseconds. The intensities produced were those of the 

in 11 ? 
order of 10 or possibly as high as 10 W/cm . The target 
material was typically in the form of a slab which had sufficient mass 
that only a small fraction of the target was ionized or vaporised by the 
laser pulse. 

After the declassification of the spherical compression concept in 
1971 the laboratories interested in laser fusion quickly realigned their 
programs to develop facilities capable of irradiating spherical pellets 
to achieve the high densities required for efficient burnup of the fusion 
fuel. Actually, of course, the early theorists in the field should have 
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recognized that laser driven Inertia! driven fusion was totally 
impracticable for a controlled release of energy without some approach to 
reducing the size of a pellet which would efficiently burn the fusion 
fuel. To see this, we derive the expression for the burn efficiency of a 
uniform spherical mass of DT fuel. The bum efficiency we define as 

a - Energy Released c , 
v ~ Energy Available tq' J 

which for DT is 

/ / n D nT < a v > %J d V d t 

m^ **-4 

where n is the number density, <nv) is the Maxwell averaged cross section for 
the DT reaction and Q n T is the 17.6 MeV of energy released per reaction. 
Assuming an equal molar mixture of DT and that the confinement time is the 
radius of the pellst divided by twice the ion sound speed, r/ZC-, evaluation 
of the integral gives 

15 _ nr <ov> ~ , 

The density of the plasma is approximately mn = p. For efficient burn, the 
fuel will be heated by the trapping of the 3.5 MeV alpha particles to 
temperatures of 20-50 keV where <:JV>/C. is approximately constant. 
Evaluating this constant leads to a simple expression for burn efficiency. 

r 2 

0 = o r 4 6 where pc—gm/cm Eq. 6 
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If we simply take the liquid density of deuterium tritium which is 
0.21 gra/cm , then 33% burnup of the fuel would require a pellet with a 
radius of 15 cm. If this pellet is heated instantaneously to the fusion 
ignition temperature of ̂ 5 keV, it would then release 60 kt equivalent TNT of 
fusion ignition yield. The 5 keV ignition temperature is when the f!;el starts 
to burn vigorously and the alpha particles deposit their energy in the fuel 
causing the temperature to rapidly rise to 20-50 keV producing efficient burn 
in a properly designed capsule. Even if we scale down from this efficient 
burnup of the fuel to an output energy approaching the amount of laser energy 
required to heat this 3 k$ mass of fuel the output energy ts %t\\\ <jf the 
order of 10's of GJ. For practical energy production, we must also account 
for the efficie.vry of the laser, the coupling and the heating process. 
Therefore, the beauty of the spherical compression to high density is that we 
reduce the yield required from the pellet. Most important, it lowers to 
sensible values the energy required from the laser driver to ~ 1 HJ. The 
intrinsic beauty of this approach was immediately recognized by the workers in 
the field when it was first discussed by John Nuckolls. Thus, at this time 
significant efforts were begun at the Lebedev Institute in Moscow, the 
Lawrence Radiation Laboratory in Livermore, California, the Los Alamos 
Scientific Laboratory in New Mexico and at KMS Fusion in Ann Arbor, Michigan. 
Later implosion programs were also begun at the University of Rochester, the 
CEA Laboratory at Limeil, France, the University of Osaka in Japan, the 
Rutherford Laboratory and the Atomic Weapons Research establishment in 
Aldermaston, both in Great Britian. Programs were also initiated to utilize 
relativistic electron beam accelerators to drive inertial confinement fusion 
implosions at Sandia Laboratory in Albuquerque, New Mexico, The Physics 
International Company in Hayward, California, Maxwell Laboratories in San 
Diego, California and the Kurchatov Laboratory in the Soviet Union. Recently, 
it has been recognized that relativistic electron accelerators can also be 
used to efficiently accelerate light ions. The coupling of light ions to 
fusion targets is more efficient than MeV electrons, and so the Sandia program 

i ? has modified its electron drivers to produce light ions. 
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A mature technology in the nuclear physics community has also been 
identified as a possible inertial fusion capsule driver. RF and Induction 
linacs can provide MJ energy packets of heavy ions (e.g., Cs + or U +) with 
the power required for the implosion and heating of reactor pellets, i.e., 
-100 TW. 

In the section on diagnostic instrumentation we will discuss methods and 
instruments associated with measuring the absorption of the laser energy, the 
plasma conditions and the implosion history and burn of the thermonuclear 
fuel. We will not cover diagnostic techniques which are peculiar to the 
utilization of either relativistic electron beam drivers nor heavy or light 
ion drivers. We then discuss the experimental program in two sections - the 
first concerns the details of the laser absorption process and the scattering 
of the laser energy in the target corona. We will also discuss the 
experiments on the transport of the absorbed energy, especially concerning how 
it produces the compression waves which drive the fuel to high densities, and 
the preheat produced by high energy particles and photons. The second portion 
of the experimental program concerns the experiments which have produced 
compression of the fuel and the heating to the thermonuclear conditions. In 
this section we will discuss basically two different types of experiments -
the first is called the exploding pusher experiment which characterizes the 
experiments from 1974 up through 1978. These experiments were designed to 
allow the program to produce fusion conditions with lasers of relatively small 
power and energy delivery capabilities. * ' The exploding pusher concept 
also made the fuel burn relatively insensitive to the symmetry and uniformity 
of the implosion and to the various plasma physics effects which occur in the 
absorption of high intensity laser radiation. The second portion of the 
section on fuel compression deals with experiments designed to produce high 
final fuel density leading to the conditions necessary for efficient fuel 
burnup and high gain targets which will prove the feasibility of inertial 
confinement fusion driven by lasers as a energy source. 
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II. DIAGNOSTIC INSTRUMENTATION 

The requirements of plasma temperature and particle energies are 
effectively the same for inertial confinement fusion and magnetic confinement 
fusion. The nx product must also be approximately equal, however, in inertial 
confinement fusion we increase the density to achieve efficient fuel burnup. 
Reactor gain pellets are expected to require densities of up to 10 x liquid 
density of DT. This corresponds to number densities of approximately 
10 cm . The dimensions of the compressed core will be of the order of 
10's to several 100 um. Thus, the diagnostic problems in inertial confinement 
fusion are to measure plasmas at temperatures of up to several 10's of keV and 
densities of 10 /cm on scale lengths of microns with time scales of 
picoseconds. In this chapter we discuss the extensive diagnostic 
instrumentation which has been developed or adapted to the requirements of 
measuring the performance of laser irradiated targets for inertial confinement 
fusion. 

Science has advanced both by experiments and theory. The most rapid 
advances occur when the two are closely coupled together. In Maxwell's famous 
treatiste on electricity and magnetism, he points out that the experiments 
and observations made by Michael Faraday wer<; so complete and well organised 
that his task was simply to generate the mathematical formulism which 
summarized Faraday's observations. In the Laser Fusion Program, the theory is 
far advanced compared to the experiments, however, there are many 
uncertainties in the physics in the interaction and the transport of energy 
which require experimental observations to validate the accuracy of the 
physics approximations that are utilized in the large computer calculations 
used to design and predict the performance of laser fusion pellets. Thus, a 
key feature in the Laser Fusion Program is the development and utilization of 
a large number of unique diagnostic instruments which are required to make 
progress in the science of laser fusion. It is now well established in the 
laser fusion community that densities of 1,000-10,OOOx liquid density of DT 
will be required using driver energies of 1-5 MJ to generate efficient burnuo 
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of the fusion fuel and net energy production. ' * Input energies on the 
order of a MJ will be required and gains on the order of 100-1000 wil* Lc 
necessary for commercial application of laser fusion. The reactor pellets 
will be compressed to diameters on tht: order of 10's to several 100's microns 
and will have reaction times on the order of 10 psec. This extreme new region 
of parameter space in physics places new requirements on the experimentalist 
to adequately diagnose laser fusion experiments. Listed below in lable I are 
the range of parameters that must be measured to properly understand 
experiments in laser fusion. The range of the parameters shown (some varying 
over as many as ten orders of magnitude, e.g., the number density of 
particles), and the extremes make the problem for the experimental physicist 
formidable. In this section we will discuss the existing and future 
capabilities in terms of the parameters which can or will be able to be 
measured. The two most completely diagnosed experimental systems &re the 
Argus and Shiva laser fusion facilities at the Lawrence Livermore Laboratory. 
We will use these systems as examples of the kinds of diagnostics and the 
configuration for their implementation on laser fusion experiments. 

The diagnostics of the output of the laser driver are the first crucial 
step in understanding the results of a given experiment. Since these devices 
are state of the art and developmental, a few simple measurements are not 
sufficient to characterize their output and, therefore, determine the initial 
conditions for the target experiments. The second most important diagnostic 
measurement is to determine the coupling of the laser energy to the target 
capsule which is being irradiated. Part of the laser energy is refracted and 
scattered by the plasma which it creates. Thus, the simple concept of energy 
balance is vital to the understanding of the experiments. In addition, much 
can be inferred about the laser plasma interaction by measuring the 
distribution and polarization of the scattered light and also by measuring the 
distribution of the energy coupled into the target in the form of plasma and 
photon emission. The plasma temperatures of interest in laser fusion range 
from approximately 1.0 eV up to the order of 50 keV. The lower teroperture is 
due to preheat effects caused by suprathermal electrons and penetrating 
x-rays. The plasma corona temperature produced in the early stages of the 
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laser heating at intensities of 1 0 - 1 0 W/cnr is the range of several 
100's eV. The higher limit is due to the burn temperature of the DT fuel 
which initiates at around 5 keV, and for efficient burn of the fuel will rise 
to like 50 keV during the — 1 0 psec burn- The photon emission will be 
primarily in the soft x-ray regime during the heating pulse and the hard x-ray 
regime during the fuel burn. Because collective processes in the plasma 
generate very high energy electrons in addition to the thermal distribution, 
we have a suprsthermal x-ray emission from the plasma and thus x-ray emission 
into even the MeV region of the spectrum is of interest. A large number of 
instruments to measure the spectral, spatial and temporal distribution of 
these x-rays have been developed. In addition, x-ray lenses (grazing 
incidence reflection and diffraction types) have been developed which make it 
possible to utiliiii auxiliary x-ray sources as a backlighting to examine the 
dynamics and sphericity of source for the pellet implosion. The simplest 

20 concept of radiography has been demontrated, and more complex probing 
21 techniques as Schlierin or interferometry using an auxiliary x-ray source 

have been proposed. These techniques can be utilized to examine the dynamics 
^odsffiierii.iLy of the ablator, pusher and fuel during the compression phase. 
We will also discuss measurements of the fusion yield and techniques for 
utilizing the reaction products to determine quantities such as the 
temperature of the fuel, compression of the fuel, and the density radius 
product of (par) the fuel and other shell elements in complex pellets. In 
Table II - A, B, C, we list the present diagnostic capabilities of the LLL 
Laser Fusion Program. Throughout the laser fusion laboratories in the world 
there is a continuing program in the development of new diagnostic 
instrumentation to extend our coverage to the ranges listed in Table I. 

Laser fusion has been the stimulus for the development of many remarkable 
instruments, e.g., the x-ray streak camera with 15 psec time resolution, 
grazing incidence x-ray microscopes with 1 ̂ m spatial resolution and micro 
Fresnel zone plates for 1 \:m resolution imaging of x-rays, electrons and ions. 

As an example of the utilization of diagnostics on an experimental system 
we show in Fig, 3, the target chamber of the Shiva laser facility at the LLL. 
The Shiva system is a 20-beam neodynnum glass laser system which utilizes 
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20 cm diameter output amplifiers. As shown in the figure, the beams are 
arrayed into bundles of 10 and enter the target chamber from opposing 
directions. The beams are focused by f/6 aspheric Tenses and each beam has an 
opposing beam direction. Because of the expected use of cryogenic targets in 
the Shiva system and thus, the 10" 6 Torr vacuum requirement, we have chosen 
to mount the focusing lenses and the diagnostic instruments external to the 
target chamber. The spherical portion of the Shiva targe; chamber has 190 
diagnostic ports. The ports are arranged in constant increments of polar and 
azimuthal angles to allow systematic measurement of the target properties 
which are directional in nature. 

In some experimental programs it is relatively easy to repeat a given 
measurement many times with rapid repetition rate while maintaining the same 
input parameters. In laser fusion experiments we have found that it is more 
appropriate to do a smaller number of experiments with a large number of 
diagnostic measurements made on each experiment. The present state of the art 
in target fabrication makes the cost and availability of targets e significant 
factor in this decision. In addition, .naming the laser capable of high 
repetition rate is much more expensive than allowing for experimental 
frequencies of the order of 4-8 per day. We therefore utilize a large number 
of diagnostic instruments on every experiment and because of the extensive 
diagnostics, we have impleir^ntated small computers wherever possible to reduce 
the amount of effort requ"" 1 in the collection and reduction of the 
diagnostic data from the experiments. In Fig. 4 we show a map of the target 
chamber and a listing of diagnostic instruments which are now in operation for 
typical laser fusion experiments. 
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IIA. LASER OUTPUT MEASUREMENTS AMD TARGET ALIGNMENT 

One of the critically important aspects of any experiment is the 
definition of the initial and boundary conditions, In laser fusion the 
initial conditions are the definition of the configuration of the target and 
the boundary conditions are the distribution in space and time of the laser 
irradiation of the target. In the target fabrication process the parameters 
of the target are determined and typically are supplied to the experimenter 
along with the delivery of the target. Thus, the remaining issue is the 
determination of the beam profile in time and space at the target. One can 
imagine relatively straight forward techniques for measuring the distribution 
at very low intensities by placing detectors in the target plane. However, 
the properties of the low intensity beam through the laser optical system are 
generally different than at high power due to sjch nonlinear properties as 
gain saturation and the nonlinear index of refraction of dieiectric materials 
at high intensities. These two effects can produce significant changes in the 
spatial and temporal distribution of the light from a low intensity pulse to a 
high intensity pulse. 

?? The equivalent plane camera was developed at LLL to measure the Urget 
plane intensity distribution. The concept is illustrated in Fig, 5 where one 
splits off a small fraction of the incident laser pulse through a turning 
mirror and produces an equivalent plane focus with a long focal length lens. 
The combination of the long focal length lens and the reduction of the beam 
energy by splitting off only a small fraction makes it possible to use 
detectors in the equivalent plane which are not destroyed by the high 
intensity beam which irradiates the laser fusion target, A critical 
requirement in the use of the equivalent plane concept is that the optics in 
the irradiation system and the equivalent plane camera are all diffraction 
limited. By only using diffraction limited optics we do not introduce any 
aberrations in either leg of the system ana therefore thert is a simple 
equivalence between the target plane and the equivalent plane in the auxilier., 
imaging system. 
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Once having established this principle of the equivalent plane, we are 
presently able to make measurements of both the spatial distribution of the 
energy and the temporal development of the pulse in this plane. In Fig. 6 we 
shew the use of this principle in the Argus incident beam diagnostic system at 
ILL. Two percent of the incident energy is passed through the final turning 
mirror. First a fraction of this split off beam is used to record tne near 
field energy density on film, the beam then passes through a Galilean 
telescope to four additional recording devices. The first is an array camera 
which produces a matrix of images where each column represents a particular 
location in space through the focal volume and the rows represent varying 
exposure levels. These images are also recorded on film. The matrix produces 
at least two properly exposed images for each spatial position through the 
focus of the lens. Another set of images is directed to a ten picosecond 
resolution streak camera. This streak camera has a SI photocathode and thus 
is sensitive to the 1.06 Mm light produced by the laser. The streak camera 
which we use is shown in a 3-D cutaway in Fig. 7 and was developed at 
LLL. 2 3 It utilizes an RCA C7343SA6 image convener tube and a microchannel 
plate, an electrostatic or magnetic focusing image intensifier. Typically, 
this viewing system is arranged so that the images on the slit of the streak 
camera are also in the equivalent target plane. Two volume absorption 
calorimeters are used to record the laser energy. One of the calorimeters is 
used to record the "near field" energy, and the second calorimeter records the 
energy focused through a pinhole. The size of the pinhole which is placed at 
the far field of the lens is typically chosen so that all the laser energy 

*Kodak 1-Z plates are typically used when quantitative data is desired, 
otherwise Polaroid film is used. 

I1 
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that would have been intercepted by the target will pass through the pinhole. 
Static and dynamic aberrations in the chain of optical components may cause 
some of the incident beam to miss the target. In determining the absorbed 
energy and evaluating the plasma physics of absorption and scattering, it is 
important to know the fraction of the light intercepted by the target. 

The laser calorimeters that we use were also developed at LLL. ' A 
3-D cutaway of our model LC-13 is shown in Fig. 8. Finally, a TV camera views 
<anotner portion of the focused beam. The TV camera is used in the set up of 
•ihe experiment. It observes a CM beam which is injected at the oscillator 
station and passes through the total laser optical system. The TV camera 
allows one to verify the optical quality of the low power beam, The function 
of the incident beam diagnostic package is then to determine the distribution 
of the laser energy in both space and time. The actual optical layout of the 
Argus beam diagnostic telescope is shown in Fig. 9. The equations used to 
determine the setup of the lense; is given in Ref. 16. Data from a typical 
Argus experiment using f/1 focusing lenses are shown in Fig. 10. The spatial 
distribution of the laser fusion energy density is recorded for five 
equivalent target locations. 

Another effect which can change the shape of the laser pulse from the 
oscillator is one which is purposely added to the laser system to shape the 
laser pulse in time to optimize capsule implosion dynamics. This element is 
called a pulse stacker or shaper and is added to the laser system generally 
immediately after the oscillator. In active pulse shaping, one takes a long 
pulse from the oscillator and then programs the transmission through an 

27 electro-optic medium by controlling the electronics. This approach is 
attractive for multi-nanosecond pulses with '-t for intensity changes of 1/2 to 
1 nsec. The pulse stacker generates the desired pulse shape by taking a 
Gaussian pulse from the oscillator and then coherently adding together an 
arbitrary number of the pulses and allows one to vary the amplitude of the 
stacked pulses. An example of this type of operation is shown in 
Fig. 11 where a 320 psec Gaussian pulse is extracted from the oscillator and 
then stacked together to form a 2 component pulse in which ^here is a factor 
of 10 increase in the amplitude for the final 320 psec Gaussian portion of the 
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pulse. The figure shows schematically the method by which the shaped 
pi.lse is obtained and we show the comparison of the pulse shape at the stacker 
output and at the output of the laser as measured by the incident beam 
diagnostic package. 

One final but absolutely essential aspect of determining the intensity 
output of the laser is to guarantee that no prepulses arrive at the target 
before the main pulse from the laser. Typically the time during which the 
laser can deliver energy, i.e., during the pumping pulse of the laser, is 
significantly longer than the irradiation pulse. Thus, it is possible for a 
number of effects, oscillator leakage during the pump phase or amplified 
spontaiiteous emission when the gain of the laser is positive, can lead to 
small amounts of energy arriving at the target before the main pulse. 
Typically, the breakdown or damage threshold at the target is several joules 
per square centimeter. Typical irradiation energy densities are 

7 7 
10 J/cm . Thus the contrast ratio at the target typically needs to be of 
the order of 70-90 db if one is to guarantee that the target initial 
conditions are specified by the target fabricator. A typical glass microshell 
filled with DT gas which is irradiated with the order of 10-100 uj in advance 
of the main pulse will be shattered and gas will be leaking from the capsule 
in the advance of the arrival of the main pulse. Therefore, it is also the 
function of the incident beam diagnostic package to determine the level of 
amplified spontaneous emission or oscillator prepulse in the target 
experiments. Fig. 12 dramatically shows the difference between a target which 
was hit with a large prepulse in advance of the main pulse and one whwe there 
was no prepulse. The image on the left is a holographic interferogram where 
there was a large prepulse. The target was irradiated from one side and at 
tne time of the hologram one would not expect to see a plasma expansion on the 
backside of the target. This normal situation obtains in the right hand image 
where there was no damage level prepulse. 

In Fig. 13 we show typical photographic data obtained with the near field 
camera, the equivalent plane camera and the streak earner} on a 1.5 TW shot 
«nth the Argus laser system. The equivalent plane data for the target plane 
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is computer processed to produce the time integrated energy density 
distribution at the target. Typically, the data is then azimuthally averaged 
to produce an equivalent energy density as a function of radius. This data 
along with the computer processed streak camera image then provides the 
spatial distribution and temporal distribution of the laser energy at the 
target an example of which is shown in Fig. 14. This data is used along with 
the target parameters and the target output to compare with preshot 
predictions for toe performance of the target. 

The accurate placement of the laser fusion target and the manipulation of 
the focusing system to properly adjust the beam profile on the target is 
another crucial problem in the performance of successful target experiments. 
Because of the large number of moveable reflecting and refracting elements in 
the laser irradiation systems it is not realistic to assume that the positions 
of the foci f-om multiple beam systems will remain at the same point in space 
for long periods of time. Particularly from day to day, one would expect that 
the positions would move due to the differences in the alignment of the 
system. However, we also recognize that auxiliary imaging systems which look 
at the distribution of x-rays from the target have limited fields of view and 
therefore we must position the target at a known point in space in the target 
chamber and then bring the foci of the beams into correct relationship with 
the target to produce the desired irradiation pattern. 

The system developed at LLL which produces the most accurate alignment of 
the target is described in the following paragraphs. First of all, auxiliary 
telemicroscopes were developed which are attached to the target cnamber in a 
stable manner and provide a known reference position in space for the 
positioning of the target. Thus, the first operation is to move the target 
into the reference position using at least two of these 
telemicroscopes. ' The Shiva target alignment multi-field telemicroscope 
is shown in Fig, IS, Now with the target accurately positioned to 
approximately 5-10 urn in space we must bring the foci of the beanti or the 
energy distribution into correct relationship with respect to the target. 
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With the multiple beam irradiation systems it was realized that in most 
configurations one would have opposing beams- Typical irradiation 
geometries use relatively low f number lenses and therefore these large 
diffraction limited lenses can act as high power microscope objectives which 
allow one tc view the target and the focused laser beam with the same viewing 
system. This principle 1s illustrated in Fig. 16 which shows the 
implementation of this type of viewing system for the LLL Argus laser 
facility. The CW alignment laser which is injected at the same point at 
the master pulsed oscillator propagates through the whole system and us the 
energy distribution in the target plane is viewed through the opposite 
reflected beam diagnostic system with an IR sensitive vidicon. By utilizing a 
diffuser in the beam, the target can be put in place and the diffused beam 
then backlights the target and one is able to view the target with the same 
vidicon as shown in Fig. 17. Thus, the focusing lenses and turning mirrors 
can be adjusted to bring the oeam into correct relationship with respect to 
the target. One is using the same viewing system to examine both the beam and 
the target, and thus there is no ambiguity in the position of the energy 
distribution with respect to the target. This system also has the added 
advantage of verifying the quality of the low power beam and verifies that the 
focusing lenses are properly oriented w'-th respect to the incident beam. The 
incident beam diagnostic package assures the quality of the beam up to the 
incident beam turning mirror. This viewing system assures that there are no 
aberrations introduced into the beam after the incident beam turning mirror. 
The beam into this viewing system is also used on a full power shot and the 
energy coming back through the final turning mirror is measured with a volume 
absorption calorimeter and the distribution of the energy backreflected is 
measured with an array camera similar to that which is used in the incident 
beam diagnostic line. A typical example of the alignment of a target in the 
Argus laser system is shown in Fig. 17. The left image shows the microshell 
target viewed with the backlighting from one of the beams. The center image 
shows the alignment laser energy distribution with ths target removed. The 
image on the right shows one of the beams viewed through the glass microshell 
in proper relationship with respect to the target. 
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The implementation of these diagnostics on Shiva required more engineering 
to compactly package the forty instruments. The Shiva incident beam 
diagnostic, IBD, is shown in Fig. 18. It is similar to the Argus diagnostic 
except that the near field camera is upstream and not utiliaed on target shots 
and the package does not contain the streak camera. A beam is coupled out 
through a fiber optic cable to a streak camera. The reflected beam 
diagnostic, RBD, is coupied tj fne pointing, focusing and centering, PFC, 
automatic alignment control system. The PFC's prcide for automatic alignment 

35 3f the beams to a surrogate target. The RBD packac,*: shown in Fig, 19 also 
provides a fiber optic line to a streak camera for a temporal measurement of 
the target reflected light. The IBD and RBD fiber optic relay housing are 
shown in Fig. 20. Ten fiber optic inputs are spaced across the slit of the 
streak camera as shown schematically in Fig. 21. This use of fiber optics and 
the spacing of the inputs across the slit of the streak camera allows us to 
utilize only four streafc cameras to record forty data records. We have shown 
that 100 m of Corning Corguide No. 1053 graded index fiber broadens a 30 psec 
1.064 ;>m pulse to 50 psec. Most target irradiations now utilize pulses longer 
than 0.5 nsec and thus, the temporal dispersion due to the fiber is not 
significant. 3 6 
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IIB. Optical Instruments 

We have now addressed the issues of determining the distribution of the 
laser energy in space and in time at the target and the proper alignment of 
the target with respect to the laser beams. The next critical issue is the 
determination of the fraction of the laser energy that is absorbed by the 
laser fusion target. The laser energy incident on the target can be 
determined very accurately using the LLL developed incident beam diagnostic 
technique which incorporates volume absorption calorimeters as the means of 
measuring the total energy. To determine the absorption fraction, there are 
basically two approaches. The first is to determine the «nount of 1.C6 i«n 
light which is reflected, refracted and scattered by the laser fusion target. 
The other is to measure all of the plasma and photon emission by the plasma to 
determine the energy which was coupled into the target. The second approach 
is very difficult because for an accurate measurement, it requires that one 
collect all of the plasma and target emitted photon energy. Since it has been 
established that the emission of the plasma and the photons is generally not 
isotropic, this requires a very detailed sampling of all of the space around 
the target or completely enclosing the target in some sort of collector. The 
difficulty is obvious in that one must irradiate the target and this requires 
that a completely enclosing collector be transparent to and not be damaged or 
destroyed by the passage of the intense focusing beams onto the target. KMS 
Fusion has implementeo an approach using a plastic bubble to enclose the 37 target. The plasma and soft x-ray energy are absorbed by the plastic 
bubble, and the heating of the plastic bubble is measured with a radiometer. 
Most of the photon energy emitted by plasmas of interest to us is in the soft 
x-ray regime, and thus is absorbed by the plastic bubble. This technique has 
been successful, however, it is of limited use because the plastic bubble of 
necessity reflects S% of the incident laser energy which is inefficient and 
more importantly, the size of the bubble must be very carefully tailored to 
the energy absorption such that it retains its integrity throughout the 
irradiation and collection of the plasma and x-ray energy. For systems 
producing 0 (1 KJ) or greater, the size of the bubble becomes unrealistic. 
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The more common approach to measuring the absorption fraction is to 
collect the laser light not absorbed by the target, and thus determine the 
absorption fraction. It is relatively straightforward to collect the light 
back reflected through the focusing lenses. The geometry for this portion of 
the detection system has been discussed in the previous section on laser 
diagnostics. The problem is then to make an accurate measurement of the light 
which is scattered into the remainder of the area around the target which is 
not a portion of the volume defined by the focusing lenses. 

The problem, of course, does not exist if one has complete 4n normal 
illumination of a spherical pellet. This situation has been approximated by 
the lens-ellipsoidal mirror combination illumination system employed both at 

on On 
KMS Fusion and on the Janus laser system at ILL. The geometry of the 
Livermore system is shown in Fig. 22. In these two cases, the combination of 
the lens and ellipsoidal mirror produces a half-angle focusing cone of 74° for 
the KMS system and 84" for the Livermore system. Thus, the back reflection 
calorimeter also collects light over most of the solid angle surrounding the 
target. By placing diodes or light calorimeters in the annular region between 
the ellipsoidal mirrors one can make selected measurements in this region as 
well, and thus obtain a relatively accurate measurement for the amount of 
light which is not absorbed by the target. 

In cases where more normal focusing lenses are used such as opposing f/1 
or slower lenses into two, four, six, eight or even twenty or m r e beam 
systems, it is cleir that a significant fraction of the solid angle may not be 
subtended by the focusing systems. In these cases, one can place 1 .m light 
collectors in the intervening regions. The most successful encompassing light 
collector utiliied is a device called the box calorimeter developed at 
LLL. In Fig. 23 we show this device as it was used with the Janus laser 
facility where the target was irradiated with f/1 lenses. The principle is 
Straightforward. There are holes in the box calorimeter to allow the laser 
light to be focused onto the target and very small holes to allow the target 
to be inserted and at least one x-ray diagnostic to view the target. The 
remainder of the solid angle around the target is surrounded by a 1 am light 
collector which is BG 18 glass, and in front of the collector is a shield 
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which blocKS the soft x-rays and the plasme debris from reaching the 
collector. Thus, the calorimeter module is only sensitive to the scattered 
1 ;,m light. The elements of one panel of the box calorimeter are shown in 
Fig. 24. Fig. 25 shows an experimental configuration where the incident 
energy is measured with an incident beam calorimeter and focused onto the 
target with an f/10 lens. The backscattered calorimeter looks through the 
focusing f/10 lens, and a portion of the forward scattered light is collected 
with an f/2 lens. The f/2 lens was used to provide accurate alignment of the 
target and focused beam. 

Variations of this device have been utilized at other laboratories, but 
the principle remains the same. One places a collector around the target to 
collect the light scattered by the target which is not collected by forward or 
backscattered calorimeters. This type o* device can be used to obtain the 
crucial data on the absorption fraction for a particular target geometry and 
irradiation condition. However, basically it blocks almost all other 
diagnostic access and therefore is not utilized on every experiment. 

For routine experiments, the light scattered by the target is monitored 
with either Si PIN detectors or discrete scattered light calorimeters arrayed 
around the target as indicated in Fig, 26. The diode detectors are typically 
equipped with a 1 uin band-pass filter and an x-ray absorbing filter to 
mitigate against the background x-rays from the target. A typical scattered 
light diode package is shown in Fig. 27. The light calorimeters are basically 
miniature laser calorimeters. An example of this type of detector is shewn in 
Fig. 28. BG la glass is used as the volume absorption material. The high z 
housing and the wedged Pb glass window in front of the absorber disk block the 
plasma and a significant fraction of the x-rays produced by the target. This 
type of device can be calibrated to produce data accurate to better than IS!. 

Although this section concerns optical diagnostics, it seems appropriate 
to cover plasma calorimetry now because their use is for energy balance which 
we have just covered with optical instruments. We can determine the absorbed 
laser energy if we can measure the total energy of the emissions from the 
plasma, i.e., the ion energy, electron energy and photon energy (most of the 
photon energy emitted by plasmas of interest is in the soft x-ray energy 
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range). Light scattered by Brillouin, Raman and harmonic generation do not 
contribute to the heating of the plasma, and thus are not counted as absorbed 
er.ergy. The plasma waves which were involved in the scattering process do 
heat the plasma and are counted in the absorption. 

The "plasma" spatial energy distribution is generally more difficult to 
measure than the laser light. First of all, for targets where the absorption 
fraction is not high, i.e., less than 50%, there is a significant background 
of scattered 1 um light which must be blocked from the detector. Second, it 
has been shown that the plasma and photon emission from the laser irradiated 
target are generally not isotropic. There is a high degree of directionality 
in the plasma blowoff in the direction of the normal to the target surface. 
Devices which we have developed to measure this distribution of plasma and 
x-rays are called "ion" or plasma calorimeters. The plasma calorimeter is 
made insensitive to the scattered 1 um light and measures the plasma energy in 
the form of x-rays, ions and electrons. The principle of this type of device 
is shown in Fig. 29. The device is actually a differential calorimeter where 
the outer portion of the calorimeter senses the energy of the scattered 1 urn 
radiation. The central portion measures all energy from the target. The 
difference between the two readings then is the plasma energy at that 
location. Due tc- the peaking of tha plasma energy back towards the incident 
laser beam, a transparent version of the plasma calorimeter has been developed 

41 and has been implemented at the center of the focusing lens. 
Much can be learned about the state of the plasma and the laser 

interaction processes by observing the properties of the light which is 
reflected, i-efracted and scattered by the laser irradiated target. The 
spectrum of the light and the polarization state can provide useful 
information. To obtain the polarization state of the laser light scattered 
from the laser irradiated target, we have constructed an ellipsometer to 
determine the polarization ellipse of the scattered light. As discussed in 
Ref. 42, four independent measurements are necessary to determine the Stokes 
parameters which determine the polarization state of electromagnetic 
radiation. For continuous sources of radiation, one normally utilizes the 
Zoleil-Baoinet compensator and a polarizer prism. The required four 
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measurements are obtained by adjusting the polarizing prism to obtain the 
different measurements. In our case where we have a pulsed light source, we 
must make the necessary measurements all at one time. The ellipsometer shown 
in Fig. 30 utilizes three analyzing prisms and a phase retardation prism to 
allow us to make six independent measurements which provide the informatiot 
required for the four inispendent inpi.ts for the Stokes parameters. In total, 
two of the measurements &re redundant. In Section IVA we will show how the 
state of the polarization of the scattered light in the laser irradiated 
target can provide information on tne scaling of the density gradient near the 
critical plasma density. It can also provide information on density 
fluctuations although this application has not yet been explored. 

The wavelength spectrum of th" light scattered by the target can provide 
extremely useful information on u.e processes occurring in the laser plasma 
interaction. Information on Brillouin scattering is obtained by observing the 
shift of the scattered light spectrum near the incident wavelength. _<*6 

The techniques used to make these measurements are relatively straightforward, 
that is, they utilize standard grating spectrometers coupled to detectors 
which are either filn, multichannel analyzers or streak cameras. These 
systems are relatively well documented in literature and will not be described 
in this paper. 

Measurements of spectra in the infrared beyond wavelengths of 1 m are 
less conventional, and we will des;ribe several instruments implemented at 
Livermore to measure spectra in the range of 2 i. , that is, light which has 
been harmonically converted to twice the incident wavelength. Two plasma 
processes have been identified which will produce scattered light at this 
wavelength. These two processes are the Raman scattering of the incident 
laser energy and the decay of the incident laser beam into two electron plasma 
waves at half the laser frequency. Both of these processes lead to scattered 
light being observed in the region of 2 ' v Our first attempt at measuring 
the scattered light at 2 \L was with the Argus laser system. We 
implemented a light collection system winch focused the 2 \ light onto a 
fiber optic cable which was then coupled to an indium arsenide detector. 
; and-pass filters were utilized to select bands of spectral information near 
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2 um. The light collection system is show.i in Fig. 31. The utilization of 
this system allowed us to confirm that Raman scattering was occurring for our 
high intensity, long pulse length irradiations in laser fusion experiments. 
The data indicated that this process can be important for ablative driven 
implosions, and therefore we implemented a spectrometer for the Shiva 
experiments so that we could obtain the complete Raman or 2 -- scattered 

pe 
light spectrum on a single experiment. 

AQ rig 

The light collection system for the Shiva installation * is shown in 
Fig. 32. An infrared transmitting window is mounted on one of the Shiva 
diagnostic ports. The light is reflected by a plane Al mirror and focused by 
a diamond turned ellipsoidal mirror onto a fiber optic connector. The 2 K 
scattered light, then is transmitted by the fiber optic cable to the Raman 
spectrograph. Light from the cable diverges onto a parabolic mirror, as shown 
in Fig. 33, and is collimated onto a grating blazed for 2 um light. The 
dispersed spectrum is then focused onto an indium arsenide detector array. 
This system constitutes the Raman spectrograph which allows us to obtain the 
spectrum of the Raman scattered light from the laser fusion target. 

Another form of optical diagnostic instrument utilizes short wavelength 
optical pulses to interferometrically probe the density distribution of the 
plasma or to examine the magnetic fields produced in the laser 
irradiateJ target. Interferometry and holographic interferometry have long 
been used to study the density distribution of flowing gases and plasmas. In 
our experiments the important phenomena occur primarily in the region of the 
critical density down to — O.lOx critical density. Naively, one would think 
that one could probe these plasmas with the same, or nearly the same, optical 
frequency that is used to produce the plasma. However, refraction effects 
make it impossible to probe significant lateral extents of plasma using the 
same wavelength as the heating pulse. Therefore, it is necessary to provide 
optical probing pulses of significantly shorter wavelength than that which is 
used to irradiate the target. We have accomplished this goal by frequency 
quadrupling, that is 4 uL 0 f the laser pulse. One recalls that the critical 
density for a plasma is proportional to u^. Thus, if we shorten the 
wavelength from the laser by a factor of 1, that is increase its frequency by 
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a factor of 4, we increase the critical density by a factor of 16. This large 
increase in the critical density for the probing wavelength allows us to 
examine density distributions up to and above the critical density for the 
heating pulse in the laser plasma interaction. If one is to use this short 
wavelength pulse to probe the plasma with synchronization to within 10's of 
psec of the irradiating pulse, we must use the output from main oscillator to 
also generate the short wavelength probing pulse. 

In Fig. 34 we show the implementation of a UV holographic interferometry 52 probe pulse on the Janus laser system at LLL. A portion of the Janus 
oscillator output is diverted to a separate amplifier system and then to the 
frequency doubling and quadrupling optics. The output from this system is 
then sent to the target chamber to provide the optical probe pulse. In 
Fig. 35 we show the optical components for the UV holographic interferometer 
ussd with the Oanus laser system. A holographic setup is utilized to 
eliminate the need for diffraction limited optics in the total optical 
diagnostic system. The system shown has been demonstrated to produce a 
spatial resolution ^ 1 wm. As implemented on the Janus laser system, the 
probe pulse could be reduced to a temporal FWHM of 15 psec from the target 
irradiating 30 psec pulse. This is accomplished by using the pulse shortening 
effects in the frequency doubling and quadrupling of the output from the 
oscillator. The flexible utilization of this concept to determine plasma 
density distribution with arbitrary laser pulse lengths will require the 
utilization of either pulse stackers after the oscillator to provide an 
arbitrary laser irradiation pulse or synchronous oscillators where the short 
pulse oscillate- is used to provide the probe pulse and a synchronous 
oscillator with arbitrary pulse length is utilized to provide the target 
irradiation pulse. The requirements for implementation of synchronous 
oscillators is discussed further in Section IIC on x-ray backlighting of 
implosion targets. 

The photon emissions from the laser heated plasma are an extremely rich 
source of information about the state of the plasma. For most of the 
parameter space of interest, the photon emission is in the soft to medium hard 
x-ray regime. However, we are also interested in the early heating phase of 
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the inside of pusher and fuel regions which is caused either by preheat from 
high energy electrons produced in a laser interaction process or by high 
energy photons. These emissions range from sub eV to 10's of eV and can be 
diagnosed by measuring the photon emission in the spectral range of 0.3 to 
0.7 :.m, thus a very useful detector system is our optical streak camera 
previously discussed in this section. Previously we were concerned with the 
S 1 photocathode to provide spectral response at the laser irradiation 
wavelength. However, for this system we can utilize the more stable S 20 
photocathode which provides good spectral response for visible wavelengths. 
The streak camera, with appropriate light collecting optics and band-pass 
filters, can be utilized as an absolutely calibrated optical pyrometer5^ to 
determine plasma temperatures in the range of I to several 10's eV. 
Figs. 36 and 37 show the implementation of this system for the Shiva target 
chamber. 5 4 Photon emission from the laser irradiated target is collected by 
an optical system and directed to the optica1 pyrometer which splits the 
collected beam into two calibrated wavelength beams and focuses them onto the 
slit of the S 20 streak camera. A portion of the incident laser beam in one 
of the incident beam diagnostic packages is converted to 2 •», to provide an 
optical fiducial on the streak camera record. In this way the emission from 
the plaswa is absolutely time resolved with respect to the incident laser 
pulse. This system does not typically view the laser interaction region, but 
rather looks at the back surface of the laser irradiated target to observe the 
preheat due to suprathermal electrons and to break out of the shock driven by 
the thermal wave and finally observe the thermal wave breaking through the 
material. This system is particularly useful in studying the effects of the 
superthennal electrons on preheating pusher samples and also in the 
determination of the shock propagation properties through these pusher 
materials. 

Another extremely important aspect of our optica) diagnostics development 
program has been the development and the utilisation of arrays of silicon 
diodes, that is charged couple devices. These devices, which come in arrays 
of 320 x 512 elements -jf silicon diodes with a spacing — 2 5 ..m, offer the 
possibility of generating digital two-dimensional images. Over the last 
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several years we have had an extensive program to examine the usefulness of 
these devices in replacing photographic film for the recording of 1 ym images 
of our laser beams, in recording images from our streak cameras, and as will 

CC EC 
be discussed later, utilization in fast transient digitizers. * We have 
shown that these devices for 1 L(m imaging or shorter wavelengths can produce a 
linear dynamic range of over 200. One of the problems that we overcame was 
that direct coupling of 1 -rtt coherent light into the CCi) produces interference 
fringes. As shown in Fig, 38 by coupling the light into the CCD array through 
a fiber optics array, we are able to obtain hiah quality images without 
interference reflections. These i K O and shorter wavelength two-dimensional 
imaging cameras are being utilized in Shiva and Argus and will be utilized in 
Nova to allow us to process two-dimensional laser energy density information 
utilizing our vast computer capability. 

As shown in Fig. 39 we have also coupled the output of our streak camera 
to these CCD arrays, *«d thus we are able to digitally process the 
two-dimensional information from our streak cameras. In most applications we 
utilize the fiber optics minifier to couple the output of the nricrochannel 
plate intensifier to the CCO array. Vie have also demonstrated that we can 
eliminate the phosphor, image intensifier and fiber optics and directly read 
the electron beam onto the CCD array. This approach is still under 
development. 
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IIC. X-ray Diagnostics 

In laser fusion experiments the targets are heated to temperatures of 
the order of 1-10 eV by preheat from suprathermal electrons and then to 
-100 eV to several keV by thermal conduction from the hot corona 
absorption region. In cases where thermonuclear burn is produced, 
temperatures may reach as high as SO keV during the burn process. As a 
result, the photon emission from the target ranges from the optical VUV, 
soft x-ray to the hard x-ray regime. These emissions' from the target are 
extremely useful in determining parameters such as the temperatures and 
density distribution in the target. As a result, a significant fraction 
of the diagnostic development effort in the Laser Fusion Program has gone 
into the development and implementation of instruments to measure the 
spectrum of the x-rays emitted by the target and their temporal and 
spatial distribution. 

The x-rays emitted by laser fusion targets represent an important 
contribution to the overall energy balance, and thus our zeroeth order 
concern is the total energy emitted as x-rays. Because of the 
improbability of being able to completely surround the target with an 
x-ray calorimeter, it is necessary to measure the angular distribution of 
the x-ray energy. In principle, small discrete x-ray absorbing 
calorimeters can be positioned around the target, thus producing an 
angular distribution of x-ray emission which can be integrated to give 
the total x-ray energy emission. The most difficult practical problem in 
making this measurement is one of discrimination against the other forms 
of energy impinging on the calorimeter: ions, electrons and scattered 
laser light. If the x-ray energy were primarily '1 keV, then the 
detector surface could be shielded from the plasma and scattered light by 
a Be window. Unfortunately, laser fusion targets of interest emit a 
significant fraction Of their energy below 1 keV. 

We have found that the standard calorimetric approach to a total 
x-ray energy measurement has not been successful. The approach which we 
have used and has been successful is to utilize fast response x-ray 
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diodes with a flat spectral response over the spectrum of interest. As 
shown in Fig. 40, we have developed a window!ess x-ray diode with an Au 
photocathode which is used in conjunction with a composite 
parylene-aluminum filter to produce a flat spectral response from 30 eV 
to 1.5 keV. The spectral response of this detector-filter 
combination is shown in Fig. 41, and is due to the combination of 
spectral sensitivity of the Au photocatbode and the spectral transmission 
of the composite x-ray filter. It will be shown later in our discussion 
of the Dante spectrometer that this detector has a temporal response of 
170 psec which makes it possible to follow the time history of the x-ray 
emission from typical laser fusion targets, and to discriminate between 
the x-ray emission during the heating and implosion phase and those 
emitted during the burn phase of the pellet. The high sensitivity of 
this detector allows us to place it several meters from the target, and 
thus protect the very fragile composite filter from the target plasma. 

The spectral distribution of the x-rays emitted from the target 
contains a wealth of information about the temperature and density 
distributions, and the compression of the laser fusion target. In the 
next paragraphs we describe the various techniques which have been used 
to produce spectral information in our experiments. The most complex and 
difficult to use of the spectral instruments is the grazing incidence 
grating spectrometer. This type of device can give spectral information 
with high spectral resolution from 50 eV to 1.5 keV. The only difference 
between this type of spectrometer and spectrometers operating in the 
visible and near UV range of the spectrum is that the grating is operated 
at a grazing incidence angle and that the spectrometer must be operated 
under vacuum. These two differences make the implementation of this type 
of spectrometer cumbersome and difficult in most experiments. However, 
if high spectral resolution is required in this region of the spectrum, 
then the effort due to the additional complexity can be worth the 
effort. New instruments are now becoming available which are more 
portable, and thus easier to use in laser fusion experiments. Two 
examples are the McPherson Model 248 and the > Mimiteman Laboratories 
Model 310G. 
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The second type of Instrument which allows one to produce good 
spectral resolution is the Bragg angle reflection crystal spectrometer. 
In this type of device one uses the Bragg angle reflection from a 
crystalline material to provide the spectral dispersion for the 
detector. These types of devices have been used from 200 eV up to 
25 keV. In the sub-kilovolt regiot of the spectrum their resolution is 
(tot nearly as good as that of the grazing Incidence grating 
spectrometer. However, they are the only devices which provide good 
spectral resolution above 2 keV. In Fig. 42 we plot the spectral 
dispersion angle as a function of the photon energy in keV for five 
different crystals that are used in our crystal spectrometers. RAP 
is a crystal that is used for manj of the spectrometers which have D e e n 

used to measure emission from implosion targets where the pusher material 
is silicon dioxide. Lithium fluoride is at the other end of the spectrum 
^nd allows us to measure x-ray spectra as high as 25 keV, and thus i s 

useful for looking at spectre fron higher Z elements. Other crysta'5 

nave been used in spectrographs, tut this Is a representative range cf 
tfiaterials which cover the spectral range from 0.7-25 keV. By bendin9 the 
crystals one can produce either focusing or more dispersing geometries. 
Focusing geometries are sometimes used to enhance the signal at the 
detector. Dispersing or convex geometries are used to increase the 
spectral range of a given crystal spectrograph. We have utilized a large 
number of different geometry and different purpose x-ray crystal 
spectrometers on our experiments. A multipurpose instrument is shown in 
fVg. %. Tne "iftmB frwiway tiiu'iVicryi'va'i ^pectrogratfn aYiows us to u? E 

several different crystals in different geometries on a single 
instrument, and therefore provide both a large range of energy coverage, 
t>ut also prc'.-ide high resolution spectra on the same piece of film. The 
sub iceV portion of the x-ray spectrum is particularly difficult to 
obtain. In the past, we have utilized lead stearate and lead myrasfate 
crystals, provided by Burt Henke rf the University of Hawaii, to obfain 
sub keV spectra. These crystals have poor stability and poor spectr'al 
resolution. Another difficulty with recording sub keV spectra from 
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target where the coronal temperatures are of the order of one to several 
keV 1s that the higher order reflections overlap with the first order 
reflections. The x-ray film sensitivity and the reflection efficiency 
are generally higher for the higher energy x-rays, thus these overlapping 
higher orders provide significant background on the desired x-ray 
spectrum record. To alleviate the problem of overlapping orders, we have 
implemented the Shiva sub keV spectrograph shown in Fig. 44. This 
spectrograph Incorporates a silicon x-ray reflection mirror in advance of 

CO 
the KAP x-ray dispersing crystal.' The reflection efficiency for 
energies >1,2 keV for the silicon mirror decreases very rapidly, and 
thus discriminates against the nigher energy x-rays 50 that they are not 
incident on the x-ray dispersing crystal, and thus not recorded in higher 
order on the x-ray film. 

In many experiments it is also useful to obtain some spatial 
information about the distribution of the x-ray spectra. The crystal 
spectrometer disperses the x-ray spectra linearly along the film. The 
lateral extent of the x-ray emission is defined by the entrance slit of 
the spectrograph. If the entrance slit is made sufficiently small 
compared to the lateral dimension of the laser irradiated target, then 
the slit provides spatial discrimination in the lateral direction of the 
film. Thus, utilizing a fine slit in front of the crystal spectrometer 
provides one dimensional spatial Information about the x-ray spectrum 
from the target. Fig. 45 shows the spatially resolved miniature x-ray 
crystal spectrograph which was designed to Image argon and silicon x-ray 
lines irradiated by inertial fusion targets used In Argus and Shiva laser 

en 
experiments. A 10 or 20um slit on the front of the spectrograph and 
5 M M from the target collimates the x-ray beam that reaches the 
dif'raction crystal, thereby constraining the x-rays from any given 
region of the target to fall on a given area of the rpectrograph's 65 mm 
wide film. The center of the diffraction crystal 1s 3.5 cm from the 
target. By changing the angle the crystal makes with the spectrograph's 
line of sight, we adjust the range of proton energy the spectrograph 
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analyzes, thus this instrument provides spectral resolution and spatial 
resolution along one direction of the target which it views. The spatial 
resolution is either -10 or 20 JJIB depending on the width of the slit. 

If we wish to extend our x-ray crystal spectrograph coverage to 
energies of above 25 fceV, then recalling that the Bragg diffraction 
condition 1s given by equation 

jp = Zd sin © B Eq. 7 
where E is the photon energy, 0- is the Bragg angle and d is the 
crystal inner planar spacing. We can use the data in Fig. 42 to 
calculate the Bragg diffraction angle required for lithium fluoride to 
diffract 50 keV x-rays. The angle that we calculate is 1.6°. One 
difficulty in using this very small Bragg angle is that of providing 
shielding for the film from undiffracted x-rays. Another difficulty 1s 
the insensitivity of the film to these high energy x-rays. An approach 
which we have taken to overcome these two difficulties for the recording 
of high energy x-ray spectra is shown in Fig. 46. Here we use the 
Laue transmission of a lithium fluoride crystal to obtain larger 
diffraction angles which alleviates the shielding problem. To record the 
spectra, we use an approach used in medical x-rays where the photographic 
film is bounded on either side with phosphor coated intensifying 
screens. The diffracted high energy x-rays are converted to visible 
photons by the intensifying screens, and thus recorded on the 
photographic film where its sensitivity is greater. This type of 
instrument is particularly useful for looking at x-ray Ka emission from 
high Z materials in laser Irradiated targets, where Ka x-rays are 
generated by the stopping of suprathermal x-rays In cold materials. 

Another concept which is useful In the construction of x-ray crystal 
spectrographs is that of using a concave curved crystal to first focus 
and then disperse the x-rays in space. By focusing the x-rays we can use 
a slit to spatially discriminate against fluorescent and scattered 
x-rays, and thus increase the signal to background on recording medium. 
This concept is illustrated in Fig. 47 where we also show that we are 
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planning to implement CCD arrays as the detector medium in some of our 
62 

future spectrographs. Figs. 48 and 49 list the equations and show 
the geometry for the calculation of the dispersion relationships for both 
convex crystal spectrometers and flat crystal spectrometers.^ Fig. 60 
gives the relationships and the geometry for calculating the effect of 
source spatial extent on spectral resolution. The typical spectral 
resolution that is obtained using x-ray crystal spectrometers is 
E/AE -1000 although this can be extended to as high as 10,000, thus 
these spectrometers are particularly useful if there is line emission in 
the spectrum. However, they can also be used for continuum emission. 

Another method of providing spectral dispersion is similar to that of 
using crystal diffraction. Recently, Barbae at Stanford University has 
been developing artificial layered structures for other purposes. In 
the process of attempting to measure the quality of these artificial 
layered structures, he began utilizing x-ray diffraction as a method of 
making these measurements. /Is a result of his success in producing 
multilayer structures, he has produced high efficiency x-ray reflectors 
which have reflectivities of the order 20-50% and spectral resolutions of 
E/&E = 30. The materials used so far have been alternating layers of 
tungsten and carbon with a d spacing of the order of 20 A". As shown in 
Fig. 51, using one of these artificial layered structures consisting of 
tungsten and carbon with 62 layer pairs with 11 A layer thickness, we 
have measured reflectivities from 20-45% over the spectral range from 
4.5-11.5 keV. The developments in this area are continuing, and we 
expect that we will be able to utilize these artificial structures to 
provide spectral discrimination from 200 eV to 20 keV. These structures 
have significantly higher reflectivity than the crystals discussed 
earlier, and of course concomitant reduced energy resolution. Their 
higher reflectivity will uake them useful for a number of applications in 
the future. These types of spectrometers will be particularly useful in 
providing relatively narrow energy resolution. For example, they could 
be used as a high efficiency x-ray mirror to provide a monochromatic 
source of x-rays. 



- 36 -

If the spectrum is continuous without significant fine structure then 
a simpler technique can be used to determine the spectral shape. The 
simplest approach is to use the spectral transmission properties of a 
number of different materials to provide a sufficient number of spectral 
response functions in the detector plane. The K and L edges of many 
materials fall in useful spectral regimes for laser fusion targets. 
These transmission edges are typically in the region from 100 eV up to 
100 keV. Therefore, we can make a spectrometer which has a number of 
detectors with selected filters in front of them to produce a spectral 
response function for each of the detectors. The number and the spacing 
of the filter detector pairs is determined by the complexity and the 
desired accuracy in representing the spectral shape. An example of a 
spectrometer which uses this approach to providing spectral definition is 
shown 1n Fig. 52. The transmission of a 17 mil erbium filter and the 
response of the Nal nuor/photomultiplier detector are shown. These 
functions combined with the typical laser plasma x-ray spectrum shown on 
the left produces the relative x-ray response on the left. Most of the 
signal comes from the transmission of the "K notch" because the spectrum 
is rapidly decreasing with increasing energy. One of the problems in 
obtaining good spectral resolution with this technique is that although 
there is a well defined transmission in the spectral region at the K and 
L edge, but then the transmission of the material monotonically rises for 
higher energies. For spectra which are not well matched to the 
definition of the filter transmissions, one finds that the energy sensed 
by the detector may be primarily from the response after the K or L edge 
rather than the narrow spectrally defined region of the K or L edge. One 
approach to eliminating the undesirable response to the filter after the 
K edge is to combine it with another filter such that the response is 
cancelled above in the higher energy regime. This technique is called a 
Ross filter. This technique is rather difficult to implement, but has 
been used successfully. 

Another example of the utilization of K or L edge filter detector 
pairs In a spectrometer is illustrated in Fig. S3. The Dante 
spectrometer is a 10-channel instrument utilizing K or L edge filters and 
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windowless x-ray diode detectors." The,detector that is used is shown 
in F1g. 40. The difference between the utilization in the fast response 
calorimeter and in the Dante spectrometer is in the cathode' material. In 
the calorimeter application in the photocathode material is An whereas 
for the Dante spectrometer we utilize Al, Ni, and Cr cathodes. This 
system is employed to measure x-ray spectra in the range from 20 eV to 
1.5 keV. The windowless x-ray diodes have been designed to provide 
excellent time response. The measured Impulse response function of the 
XRD-31 is shown in Fig. 54. The response function was determined by 
utilizing an 80 psec FWHM x-ray pulse generated from a 40 psec laser 
irradiation of a high Z target. As is shown, the FWHM of the response 
the XRD-31 is 170 psec. 6 6 The measured sensitivity of the Al 
photocathode 1s shown in Fig. 55. We utilize the Al cathode out to about 
0.80 keV. Cr photocathodes are used from about 0.90-1.0 kev. 
Ni cathodes are used from 1.0-1.5 keV. The response functions of the 
combined filter detector pairs are shown in Fig. 56. Fig. 57 lists the 
cathode material, absorption edge of the filter material, the thickness 
of the filter material and the channel energy width in eV. To protect 
the filter and diode from plasma debris damage and coating by the plasma 
debris which would change the response functions, typically a 10 pg/cm 
parylene filter is used for each channel. These are considered debris 
shields and are changed frequently. The 10-channel Dante spectrometer is 
used to measure the x-ray spectra which are typically generated by the 
thermal wave and ablation front in the high density portion of the laser 
irradiated target. This portion of the spectrum is particularly 
important because it represents the majority of the x-ray emission energy 
from typical laser irradiated targets. 

The Dante spectrometer can also be used to observe preheat, shock 
breakthrough and thermal wave burnthrough on the backside of laser 
Irradiated planar targets. By utilizing the bare response as shown in 
Fig. 55, we can achieve sensitivity all the way down to 5-6 eV. Very 
thin filters of other materials, as shown in Fig. 58, then produce 
spectral discrimination in the range of 30 eV to 500 eV, thus in this 
version the Dante spectrometer we can provide time resolved spectral 
information from 5-100 eV. 
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The installation of the 10-channel Dante spectrometer on Shiva is 
shown in Fig. 59. There are five detector locations -2 m from the 
target chamber, and five detector locations * 3 m from the target 
chamber. The close in locations are used for the. higher energy channels 
where the signal is lower, and the five distant channels are utilized for 
the lower energy channels where the signals are higher. The Dante 
detectors must be operated at pressures of "10" Torr, and thus we 
have an auxiliary vacuum system attached to the spectrometer. Also, it 
is important to keep the Dante system under vacuum as much as possible to 
reduce the probability of contamination of the filters and the 
photocathodes. 

One of the standard problems associated with the K edge 
filter-detector cuiblnation is clearly illustrated in Fig. 56 for lowest 
energy channel, that is the channel with the parylene filter. There is a 
narrow spectral response centered at 200 eV with a bandwidth of 110 eV. 
However for energies greater than the K edge at 280 eV, the response of 
the system again rises, peaking at 500 eV, but then falling slowly and 
continuing out to energies even above 1 keV. If the peak of the x-ray 
spectrum is above 280 eV, then most of the signal in this detector 
channel will come from the response of the K-edge. If we have sufficient 
spectral definition above 280 eV from the other detector channels, then 
this response may be subtracted out, but it still represents subtracting 
two numbers of comparable value, thus making the possible error in the 
spectra! contribution at 200 eV very large. A technique which we have 
utilized to eliminate this problem is to add a critical angle reflection 
mirror in the diagnostic channel, it is well known that at sufficiently 
small angles of incidence, x-rays may be efficiently reflected from 
highly polished surfaces. The reflection efficiency can be near one for 
low energies x-rays, and as the energy increases the reflectivity 
typically decreases to some critical energy where the reflectivity goes 
to zero. 6 7 This effect 1s illustrated in Fig. 60 where we plot the 
reflection efficiency as a function of energy for a carbon mirror at 4.4° 
angle of incidence. Here the reflection efficiency goes to zero above 
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0.7 keV. If vie wish to increase this critical energy, we can simply 
decrease the angle of Incidence or increase the Z of the reflector. 
Typical mirror materials which we have used are vitreous carbon, quartz, 
Si, Ge, Ni and Au. These materials have been chosen for their surface 
stability and our ability to provide 10 A or better surface smoothness. 
The surface roughness is critical if we are to obtain efficient specular 
reflection of the x-rays. 

Most of the work on x-ray mirrors has come from the x-ray telescope 
program. The total integrated scattering from a grazing incidence x-ray 
mirror is given by*. 

TIS = [4*h (sin 6 ) / x 2 ] Eq. 8 

where h 1s the height of the surface perturbation, 8 is the grazing 
incident angle inland TIS is the fractional total integrated scattering. 
Thus, for x = lz A and B = 1°, the allowable surface roughness for 10% 
scattering is h = 17 A. 

Referring back to Fig. 60, we examine the elements of a mirror Dante 
channel. The three elements which determine its response function are 
the transmission of the filter, the reflection efficiency of the mirror 
and the sensitivity of the photocathode. The product of these three 
elements then gives the response function shown in the fourth plot in the 
figure. As shown, we get a channel with its center response at 0.50 keV 
with a width of about 200 eV, and there is no effective response above 
700 eV for this channel. Thus, the cutoff energy of the reflection 
mirror has effectively removed all of the response above this energy 
providing us with a clean spectral channel. Fig. 61 shows the 
implementation of one mirror Dante channel. We still use a O.lOvm 
parylene filter supported on a Mi mesh as a debris shield followed by the 
L or K edge filter, in this case, the V L edge at 0.52 keV, The x-rays 
then reflect from an x-ray mirror mounted in a cassette which has been 
carefully machined and pinned to accurately locate the mirror angle 
followed by the mounting for the XRD-31 detector. The mirror Dante uses 
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the same hardware as our other Dante spectrometers which includes a 
magnet to deflect plasma out of the lines of sight of the detectors, the 
gate valve to provide a separate vacuum and an auxiliary vacuum system. 
In the mirror Dante, the mirror cassettes are located on the ports which 
were occupied by the XRD-31's in the other Dante spectrometers. This 
assembly is shown in Fig. 62. 

Fig. 63 shows the response functions which we are presently using on 
the Shiva mirror Dante spectrometer. As indicated, this system is 
particularly useful for the lower energy channels where we are measuring 
spectra where the peak is between 200 o i 700 eV. In the future, we will 
combine the standard Dante with the mirror Dante where the low energy 
channels will utilize the critical angle reflection mirrors, and the 
higher energy channels will be simple detector pairs. The XRD-31 
temporal response of 170 psec allows us to obtain temporal resolution of 
the x-ray spectrum for target irradiations where the pulse length Is a 
70.5 nsec. For shorter pulse lengths, the temporal deconvolution is not 
adequate, and as a result we have developed a faster windowless x-ray 
diode, a 50 psec response detector shown in Fig. 64. By operating at 
a higher anode voltage, decreasing the anode cathode gap to 1.20 mm and 
paying very careful attention to the design of the transmission line and 
matching into the coaxial connector, we have developed a SO psec response 
detector. This detector in combination with a 4 GHz recording channel 
will provide a temporal resolution < 100 psec. 

An instrument which provides our best temporal resolution for x-rays 
is our *-ray streak camera which is shown schematically in Fig. 65. This 
instrument is a modification of our optical streak camera which was shown 
in Fig. 7, and discussed in Section IIA. In this case, we remove the 
optical photocathode and replace it with an x-ray photocathode. As shown 
in Fig. 65, the x-ray photocathode consists of a Be window with a Au 
photocathode. We have utilized 7.50pm thick Be as the window material 
with 130 A of Au for the photocathode. This thickness of Be allows us to 
transmit x-rays above 1 keV. The temporal resolution of this system has 

71 been demonstrated to be 15 psec. The instrument has also 
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demonstrated a dynamic range of over 1,000. Fig. 66 shows the response 
function of one of our x-ray streak cameras as a function of x-ray 
energy. The measured response function peaks at about 6 keV and then 
falls rapidly three orders of magnitude to 20 keV, and then decreases 
more slowly out to 100 fceV. 

We have utilized this instrument both in imaging applications where 
the spatial extent of the slit x-ray photocathode is used to provide one 
dimensional spatial resolution of x-rays emitted from laser irradiated 
targets. We have also utilized this instrument with filter packs so that 
it becomes a 15 psec response x-ray spectrometer. 

One of the problems with the Be window version of our x-ray streak 
camera is that of obtaining stable vacuum windows at 7.5 cm thickness. 
In many cases, we have had to resort to windows 3x as thick with a 
concomitant decrease in the sensitivity of the instrument, and an 
increase in the lower limit of the x-ray energies which can be measured. 
An approach which has allowed us to overcome this problem is illustrated 
in Fig. 39. We have replaced the Be window with a 0.25 vm thick C window 
which allows 35X transmission of x-rays at 100 eV. This extremely 
thin and fragile window material will not support 1 atm of pressure, and 
thus the approach that we have taken is to provide the required pumping 
system on both sides of the C window. A valve upstream of the C window 
allows us to blank off the soft x-ray streak camera when the experimental 
chamber must be raised to atmospheric pressure. These instruments are 
designated SX for soft x-ray streak camera, but in fact because we use 
the same photocathode as used in the instruments with Be windows, they 
have useful response for energies all the way to loo keV. Thus, by 
adding the complexity of ti;e auxiliary differential pumping system, we 
are able to extend the range of usefulness of our streak cameras down to 
100 eV. 

A schematic illustration of the implementation of one of our soft 
x-ray streak cameras on Shiva is shown in Fig. 67. A mirror pack is 
provided to reflect the x-rays onto the slit of the streak camera 
providing high energy spectral discrimination, and also allowing us to 
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remove the sensitive streak camera from the direct line of sight to the 
target. This makes it possible to provide heavy x-ray shielding against 
the hard x-rays coming from the targets which provide significant 

73 background. As shown in Fig. 68, in its implementation on Shiva we 
plan on having seven spectral channels of information, and in addition a 
hard x-ray fiducial to allow us to reference in time the suprathermal 
portion of the x-ray spectrum with respect to the thermal portion of the 
x-rays which come from the thermal ware and ablation surface in the laser 
irradiated targets. As noted previously with the Dante mirror system, 
the use of critical angle reflection mirrors in this spectrometer 
provides us with clear channel definition for the spectrometer channels. 

This system as mounted on Shiva utilizes the CCO array to record the 
data which was illustrated in Fig^ 39. Fig. 69 shows a block diagram of 
the digital data acquisition system. The light from the camera phosphor 
is intensified using a microchannel plate intensifier. This light is 
then collected into a fiber optics minifier which compacts the 
two-dimensional image onto an RCA CCD image device. The analog image 
from the CCD array is converted to digital information, stored in a 
volatile image memory, and then transferred to the power conditioning bus 
in the Shiva system, where it is transferred to the mini computers in the 
Shiva control room. This system allows us to view on a TV screen the 
image collected by the soft x-ray streak camera, and to digitally process 
this information in the computer system and receive the data in the form 
of either contour plots or line outs. The data is thus immediately 
available for analysis. 

Another approach to eliminating or reducing the problem associated 
with the L or K edge filter detector pair spectrometer is the use of a 
filter-flourescer pair which significantly reduces the response of the 
system to x-rays above the defining K edges. 7 4' 7 5 The principle of 
this spectral measurement is shown in Fig. 70. X-rays from the laser 
irradiated target are collimated and then passed through a prefliter. In 
this case, Pb is used as the prefilter with its K edge at 88 keV. 
Transmission of the Pb prefilter is shown in the figure, thus x-rays 
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below 88 fceV in the K notch of the Pb filter are passed as well as x-rays 
above the prefilter K edge. These x-rays are incident on the fTourescer, 
in this case Au which has its K edge at 80 keV. The x-rays below 80 keV, 
which were passed by the Pb filter, do not excite the flourescent K lines 
in the Au. The efficiency of the x-rays above 80 keV for the excitation 
of the K fluorescent lines in the Au decreases rapidly with energy, thus 
the primary response or production of fluorescent K lines in the Au is by 
the x-rays between 80-88 keV. We have not eliminated the response of the 
detector channel to x-rays above the prefilter K edge as we did in the 
case where we utilized a critical angle reflection mirror, but we have 
significantly reduced its contribution to the signal. 

The fluorescer in this experiment significantly reduces the x-ray 
flux reaching the detector. It produces the fluorescent x-rays, but it 
also produces scattering of x-rays and fluorescence from L and higher 
shells in the material. To reject these higher shell fluorescent x-rays 
and the scattered x-rays, we typically use a postfilter which has very 
high transmission for the fluorescent ,< lines, but very low transmission 
for the scattered x-rays and the fluorescent x-rays from the higher level 
shells. 

A 10-channel filter fluorescer x-ray spectrometer has been 
implemented on Argus and Shiva. This system is shown schematically in 
Fig. 71. Because we have reduced the x-ray flux arriving at the detector 
by 2-3 orders of magnitude, it is necessary to take extreme care in 
providing shielding of the sensitive x-ray to optical fluorescers and the 
photomultipliers. Neutrons from the laser fusion reaction can also 
produce fluorescence in the optical fluorescer, thus producing background 
for the x-ray measurement. High energy x-rays can penetrate through the 
shielding and produce fluorescence and also produce background. Thus, we 
utilize Pb, Ta and herimet as shielding material to allow us to measure 
these small signals. Ten collimated beams of x-rays reach the filter 
stations. Fig. 72 shows the response functions for nine of these 
filter-fluorescer spectrometer channels. The tenth channel is typically 
used to examine the background signals. In some cases, the tenth channel 
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is operated in a mode where we eliminate the response between the two 
K edges at 83 and 116 keV and examine only the response above the K edges 
for this highest energy channel. This provides additional information 
for the unfolding of very hard, high temperature x-ray spectra. The 
straight through x-rays passing through the ten fluorescers can be used 
to provide additional spectral information. 

In Table IV we list the filter materials, fluorescers, postfilters 
and detectors for the Argus and Shiva filter-fluorescer spectrometer 
channels. These spectrometer channels are particularly useful for hard 
x-ray spectra from suprathermal electrons with "temperatures" of 10 keV 
and above. For targets where the suprathermal spectrum is much softer, 
and therefore the x-ray fluence much weaker, we have implemented five of 
the straight through channels using simple K edges to provide channels at 
20 keV, 54 keV, 70 keV and 116 keV, the fifth channel is used to provide 
a background signal. For a very hard intense suprathermal x-ray spectra, 
it is also of interest to determine the x-ray spectrum above 100 keV. 
Five of the straight through channels use different thicknesses of Pb to 
provide broad spectral coverage in five channels. In this way, we can 
obtain information about the x-ray spectrum above 100 keV. 

A very important diagnostic requirement in laser fusion is obtaining 
two-dimensional spatial resolution for the x-rays emitted by the target. 
Earlier in discussing the crystal spectrometers, we showed that by 
utilizing a thin slit in front of the crystal spectrometer we could 
obtain one-dimensional spatial imaging. A natural extension of this 
concept is that of the pinhole camera. The pinhole camera uses a very 
small hole in an otherwise opaque substrate to provide two-dimensional 
imaging. Thus, an x-ray opaque substrate is provided with a fine hole to 
produce the two-dimensional imaging of the x-rays from the laser fusion 
target. The geometrical resolution of a pinhole camera is given! 

where <J is the spatial resolution of the pinhole camera, 0 is the 
diameter of the pinhole and M is the magnification, i.e., is the ratio of 
the image distance from the pinhole to the object distance to the pinhole. 
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Substrate materials typically used for x-ray pinhole cameras are Au 
or Pb in thicknesses of 5-10 Mm. These materials are used because of 
their high opacity to x-ray energies of interest. Typical diameters for 
pinhole cameras are in the range of 10-20 urn, thus yielding spatial 
resolutions of the same magnitude. Pinhole cameras have been used down 
to diameters as small as 6 urn, but this appears to be a practical limit. 
For smaller diameters, the diffraction of x-rays below 3-S kev limits the 
resolution rather than the geometrical diameter. For higher energies 
thicker substrates must be utilized, and thus significant difficulty is 
generated in the alignment of the pinhole camera since now the thickness 
of the substrate 1s larger than the diameter of the pinhole. Another 
problem with pinhole cameras 1s that in order to obtain sufficient flux 
for high resolution imaging, typicaTIy the object distances are 0(1 cm). 
Mechanically it is difficult to place a structure so close to the target 
without significantly obscuring other diagnostic directions. In addition 
for high energy target irradiations, at these distances the pinhole is 
significantly damaged by the low energy x-ray emission and the plasma 
debris. Another problem is that if we want to image x-rays below 1 keV 
with a resolution of less than 10 inn, this is beyond the diffraction 
resolution of a pinhole camera. 

We have utilized x-ray pinhole cameras as general survey instruments 
where high resolution is not important in the range of several keV 
x-rays. For suprathermal x-rays, high resolution does not appear to be 
as important as for thermal images, thus we have utilized pinhole cameras 
to examine the spatial distribution of the bremsstrahlung x-rays in the 
range of 20-30 keV. Another application where we have used the pinhole 
camera 1s illustrated in Fig. 73. In this application, we wanted to 
provide one-dimensional spatial resolution of laser implosion targets on 
the slit of the x-ray streak camera. The goal was to image the equator 
of the spherical target onto the slit of the streak camera. Thus, it was 
necessary not only to provide spatial resolution along the slit of the 
streak camera, but to limit the vertical extent of the x-rays coming from 
the spherical target onto the sift of the streak camera. Therefore, a 
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pinhole was used to provide this spatial resolution and 
discrimination. Since high resolution pinhole imaging was utilized, 
it was necessary to very accurately point the camera assembly at the 
spherical target, since pointing errors of more than 10 u m would 
significantly shift the vertical extent of the target being Imaged. The 
solution to the alignment problem was to utilize what we call a dichroic 
pinhole. The x-ray pinhole substrate was W doped glass which provided 
the required opacity for the x-rays in a range of 2 keV. The W doped 
glass was, however, transparent to radiation from He/Ne alignment laser. 
A large 125 urn diameter optical pinhole was generated by overlaying the 
W glass substrate with a 125 Vm Au pinhole. Thus, in the alignment 
process the He/Ne laser provided a backlighting source through the 
optical pinhole for alignment with the spherical target which was viewed 
with an optical telescope. The x-ray pinhole in the M glass substrate 
was 6 um in diameter, and the camera magnification was 50, thus 1t 
provided 6 urn spatial resolution of the target being viewed by the x-ray 
streak camera. 

Because of the limitations of x-ray pinhole imaging, we have had a 
significant development program in the development imaging x-ray optics. 
Two approaches have been particularly successful. The first is the 
utilization of grazing incidence reflection of the x-rays from curved 
surfaces producing x-ray images. The second is the use of Fresnel zone 
plates In the shadow casting mode and in the x-ray diffracting mode. The 
first approach is illustrated in Fig. 74. Here we show two different 
types of grazing Incidence reflecting, focusing systems. The one on the 
left utilizes cylindrical mirrors in pairs. The four mirrors together 
provide four imaging systems which by the use of different materials for 
the reflecting surfaces and different K or L edge filters can provide a 
four-spectral cut x-ray microscope. The second imaging system shown on 
the right 1s called the WoIter microscope which utilizes grazing 
incidence reflection from hyperboloidal and ellipsoidal surfaces. The 
structure shown in the figure provides a stable pointing system. This 
system provides for adjustment of the focal length and tilt adjustments 
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to accurately point the x-ray microscopes at the target. In this 
application, the x-ray images are recorded on film. In the utilization 
of this sytem we typically have chosen 30 cm as the object distance, and 
we have implemented magnifications of 3, 7, 8 and 22. 

The principles of operation of the four-channel version of the 
cylindrical mirror microscope is illustrated in Fig. 75. This system was 
first developed by Kirkpatrick and Baez at Stanford in 1948. The 
principle is the same as using two cylindrical lenses placed 90° apart in 
rotation in visible optics. Here we use the grazing incidence reflection 
of the x-rays from cylindrically polished x-ray mirrors. The x-rays 
reflecting from one cylindrical surface produce a line image as do the 
x-rays reflecting from the other cylindrical surface. The x-rays which 
reflect from both of the surfaces produce the double reflection image as 
shown in Fig. 75. Typically we have implemented this type of microscope 
utilizing four mirror substrates. Sections of the glass mirror 
substrates can be left bare or coated with other materials such as Ni, Au 
or vitreous C. The grazing incidence angle is constant, and by varying 
the material one produces differing high energy cutoffs. A filter pack 
placed in front of the mirror assembly provides for spectrally defined 
images in the film plane. As shown in the reproduced film image of the 
x-ray exposure, we obtain four pinhole Images due to the aperture in 
front of the filter pack eight line images and four double reflection 
Images. 

We call these our KB x-ray microscopes. They are subject to 
geometrical aberrations that limit the resolution and field of view. The 
two most important aberrations are spherical aberration and obliquity of 
field. In our utilization of these instruments, typically we keep the 
aperture extremely small to limit the effects of spherical aberration. 
The extremely smalT solid angle subtended by the microscopes, 0{10" 7) 
steradians makes diffraction also a limiting factor. In order to 
optimize the resolution of these microscopes, we have derived and solved 
the equations describing the limiting factors. These are discussed in 
detail in Ref. 78. We are thus able to obtain resolutions of 2-3 tun. 

i 
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3 \im resolution has been demonstrated by imaging an array of fine x-ray 
absorbing wires backlit with a laser produced x-ray source. In 
Fig. 76 we show how we can utilize the high energy reflectivity cutoff of 
different materials to generate spectral resolution. For low energy 
applications, i.e., <1 keV, we have typically utilized vitreous C 
mirrors. For the spectral region above 1 keV, we have typically used a 
grazing incidence angle of 3/4° in quartz, Ni and Au surface mirrors 
producing high energy cutoffs at 3, 5 and 6 keV. In Fig. 77 we show 
typical spectral channels obtained by the combination of the mirror 
reflectivity and various filter materials. In principle, this type of 
system can produce two-dimensionally resolved spectra of laser irradiated 
targets. 

The KB microscope is very versatile, and typically has a large field 
of view, several mm, and a large depth of field, 100's urn. However, it 
has an extremely small aperture, and thus requires a high sensitivity 
detector or small magnification to produce sufficient flux at the 
detector plane. Walter in 1952 theoretically described grazing 

SO incidence, axisymmetric reflection microscopes and telescopes. X-ray 
telescopes have been fabricated and fielded in the x-ray astronomy 
programs, and have provided significant information on the spatial 
distribution of astronomical x-ray emitting sources. The configuration 
of the Wolter x-ray mirrors for microscope application is shown in 
Fig. 78. In this case, the first reflecting surface is a hyperboloid of 
revolution. The second reflecting surface is an ellipsoid of 
revolution. The common foci of the ellipsoid and hyperboloid is the 
location of the virtual image. The object is placed at the second focus 
of the hyperboloid, and the film or image plane is the second focus of 
the ellipsoid. This imaging system provides perfect geometrical imaging 
for a point source at the object focus of the hyperboloid to the image 
focus of the ellipsoid. In 1974 we first studied this imaging system to 
determine its depth of field and imaging capability for off axis emitting 

81 
sources. In that study, we determined that it was possible to 
produce sub micron imaging over a field of view of 0.5 mm. Because of 
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our concern for the survivability of the surface and questions of 
contamination by plasma debris, we chose a 30 cm object distance for our 
design. This made the required fabrication tolerances to achieve 1 urn 
resolution beyond the current state of the art. Surface figure 
requirements are less than 1000 A, and the slope error requirements on 

DO 
this surface are -0.1 arc sec. 

Over the last several years, we have developed our fabrication 
techniques to be able to achieve the required tolerances. A mirror 
fabricated at LLL is shown in Fig. 79. Me approach the required 
tolerances by using single point diamond turning on a numerically 
controlled air bearing lathe. This machine can produce surface 
accuracies of 250 A , however, the roughness is also of the same order, 
and thus the surface is not an efficient specular reflector in the x-ray 
range desired. Recall that earlier in this section we showed that for 
90% specular reflection of 1 keV x-rays at 1° angle of incidence, that 
the roughest must be <17 A. We have continued to develop the polishing 
techniques to achieve the desired smoothness and retain the surface 

83 
figure required.' We also show in Fig. 79 the degree of success which 
has been achieved. Further developments in the polishing techniques at 
Random Oevlces and National Physical Laboratory in Great Britain are 
expected to produce x-ray optics with the desired 1 um resolution. The 
resolution of our best axisymmetric x-ray microscope produced to date 1s 
shown in Fig. 80. An x-ray source was used to backlight an array of 2 win 
diameter pinholes which were imaged by our best Wolter microscope. In 
conjunction with Visidine Corporation, we have developed the expressions 
to calculate the resolution of these x-rays mirrors,, given the 
metrology. As shown in the figure, for the full aperture exposure we 
obtain a measured 2.5 pm resolution which is in good agreement with the 
calculated resolution. We should note that the theoretical depth of 
field of Wolter microscopes 1s 0(10 vw). Aperturing of the microscope 
can significantly increase the depth of field. In practice because of 
the manufacturing tolerances we have achieved, even the full aperture 
gives depths of field 0(100 um). 
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In the utilization of these optics, by reducing the solid angle of 
the optic by aperturing, we can increase the depth of field and the 
resolution at a small expense in the throughput of the optic. Aperturing 
also decreases the effects of scattering 1n all but one direction. When 
the microscope is used with the x-ray streak camera as the detector, 
aperturing can significantly improve the contrast ratio of signal to 
background. As shown on the right side of the figure, a factor 
20 reduction in the aperture produces a resolution of 1.6ura. As we will 
see shortly, this type of imaging system is now being utilized in the 
Shiva target diagnostics. 

Another method of obtaining two-dimensional spatial resolution for 
x-ray imaging is illustrated in Fig. 81. A Fresnel zone plate can be 
used in a shadow imaging mode and can produce both two-dimensional and 

fid 8S 
three-dimensional information. , , Q As illustrated in the figures, 
three source points, A, B and C, two in a plane, one out of the plane, 
each casts a shadow through the Fresnel zone plate. The zones alternate 
from absorbing to nonabsorbing for the x-rays. The shadowgraph, after 1t 
is developed, is then used as an optical diffraction source to 
reconstruct the Image of the three point sources. As illustrated, the 
two sources in the plane are re-imaged into a plane, and the third source 
is imaged in a different plane. 

As might be expected since we are using the Fresnel zone plate in the 
shadow casting mode, the resolution obtained will be related to the width 
of the narrowest zone in the Fresnel zone plate. Thus, for effective 
utilization in two-dimensional imaging of laser fusion targets, we must 
achieve zone widths of the order of microns. In conjunction with Lincoln 
Laboratory at NIT, we have developed techniques to fabricate free 
standing Au zone plates with the narrowest zones having dimensions as 
small as 3400 A , 8 6 > 8 7 One of these zone plates is shown in Fig. 82. 
The implementation of these zone plates in the coded aperture imaging 
mode is Illustrated in Fig. 83. To obtain multispectral recordings on a 
single experiment with a single camera, we can use the technique of 
stacking the film and alternating various filter materials to provide 
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varying spectral cuts of the x-ray emission. For x-ray images in the 
range of 3-5 keV, we have utilized zone plates where the narrowest zone 
width is 2.5 vm, and the thickness of the zone plates are 3-5 vm. For 
higher energy x-ray imaging in the range of 5-30 keV, we have utilized 
zone plates with a thickness of 20 wn and narrowest zones -5 nm width. 

It is possible to obtain higher resolution images in the 
reconstruction process from a given exposure- This 1s done by 

DO 
reconstructing the higher order images as shown in Fig. 84. In this 
experiment two point sources werp used to expose a coded image. In the 
reconstruction process we see that the two sources are not resolved in 
first order, however, they are clearly resolved in the third order and 
fifth order reconstructions. However, it must also be pointed out that 
the signal to noise ratio decreases as we attempt to utilize to the 
higher order images, thus making it more difficult to retrieve the 
information from the coded image. 

We should also remark that since our Fresnel zone plates are free 
standing they can also be used and have been used to image charged 
particles from the laser Irradiated targets. Most notably, we have used 
them to image the thermonuclear a particles from exploding pusher laser 89 implosion targets. 

In Table V we compare the capabilities of x-ray microscopes with 
Fresnel zone plates used in the coded imaging mode. The most obvious and 
important difference is the much larger solid angle collection capability 
of the zone plate camera compared to the x-ray microscope. The other 
advantage of the zone plate imaging is that it is not limited to energies 
below 5 keV. However, we should also point out that we are planning to 
put artificial layered structures on our KB microscopes to extend 
their range of usefulness to 10-15 keV. The major disadvantage of the 
zone plate imaging as compared to the microscopes is in the object 
distance. Typically for the zone plates, we use 0.5-2 cm for the object 
distance. In some applications this has led to the destruction of the 
zone plate without the recovery of the data. Another disadvantage 1s in 
the absolute calibration of the data recovery from these devices. 
Because of the two-step process and the variability in the reconstruction 
process, zone plate images are very difficult to absolutely calibrate. 

r 
i 
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We can also use Fresnel zone plates in the x-ray diffracting mode in 
which they become an x-ray lens. An example of this type of utilization 
is shown in Fig. 85. In this case, a Fresnel zone plate with a minimum 

o 
AR of 3200 A was used to image another Fresnel zone plate with a 
minimum AR of 1 jjm backlit with Al K a x-rays produced by a proton 
beam, Microdensitometry of the exposed image snowed that we were able to 
clearly resolve the minimum zone width of the x-ray backlit zone plate, 
thus demonstrating better than 1 vm resolution for this microscope 
application of the Fresnel zone plate. This last application of the 
Fresnel zone plate offers great flexik. y and possibilities for x-ray 
optics in the future, however, our present versions of this type of zone 
plate are not stable, and we have not been able to utilize them in a 
laser fusion diagnostic applications. 

An extremely important application of imaging of x-rays for laser 
fusion experiments is that of using an auxiliary laser-produced x-ray 
source to produce time resolved radiographs of the laser fusion targets. 
The five requirements for successful x-ray backlighting of laser 
implosion targets are listed along with our solutions in Table 6. First 
of all, we must provide synchronous laser pulses: one to irradiate the 
implosion target and the other to provide the x-ray backlighting source. 
The second requirement is a powerful backlighting beam. The third Is an 
ability to image the x-rays passing through the implosion target from the 
auxiliary source. We must also have the recording capability which 
provides sufficient discrimination against background. Finally, we must 
have opacity compatibility of the target with the backlighting source. 

The solution to the first requirement is the implementation of 
synchronous oscillators on Shiva. The system which is being implemented 
is illustrated in Fig. 86. Actually in the backlighting concept, we have 
two requirements. If we use an x-ray streak camera to provide the time 
resolution, then we need sychronous oscillators which provide the target 
irradiating pulse and a longer pulse to irradiate the auxiliary x-ray 
source. If we plan to use the backlighting in the flash radiography mode 
where we obtain a two-dimensional snapshot image of the transmission of 
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the x-rays through the implosion target, then we need the target 
irradiating pulse and an extremely short auxiliary pulse to irradiate the 
auxiliary x-ray target to backlight the implosion target. The system on 
Shiva will have three oscillators. As shown in the figure, one 1s 
designated long pulse oscillator, T * 35 nsec, which will be utilized 
with a switch out which can produce pulses as short as 2 nsec. The 
second oscillator, which is an actively mode locked Q switched 
oscillator, AMQO, will be synchronously driven with the other oscillator 
and can produce pulses from 100 psec to ~1.5 nsec. The third 
oscillator, which Is actually a regenerative amplifier with its own 
switch out, can be driven with a pulse from either of the other 
oscillators and 1t has the property of being able to shorten the 
oscillator pulse to "15 psec duration. Its use would be in the flash 
radiography mode. 

These systems have been developed and have been proven to be very 
stable. As illustrated in Fig. 87 using an AMQ oscillator, the 
regenerative amplifier and a pulse stacker, we are able to deliver an 
arbitrary length pulse to the target for the implosion and a 15 psec 
pulse to the auxiliary target to provide the flash radiography 
capability. 9 0 , 9 We have demonstrated that the stability and 
synchronization of the auxiliary pulse with the main pulse is good to 
within 10 psec. 

We are able to provide an Intense powerful x-ray backlighting beam by 
utilizing one of the twenty Shiva beams for the backlighting source. An 
example of the imaging requirements are shown in Fig. 88. The auxiliary 
source produces the x-rays which pass through the implosion target and 
are focused 6y, e.g., a Fresnel zone plate 1n the diffracting mode. 
Further wavelength discrimination could be obtained with one of our 
artificial layer structures, the final Image being recorded on a 
detector. For two-dimensional flash imaging, we can utilize our 
microscopes or the Fresnel zone plates either in the coded imaging or in 
the diffracting Imaging mode. The requirement for recording capability 
is satisfied by our x-ray streak camera in the mode where we provide a 
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long backlighting pulse to examine the dynamics of the implosion, and 
film can be used in the flash backlighting mode. An x-ray framing camera 
which will be discussed later and is under development, may provide 
necessary discrimination against target emitted x-rays in the flash 
radiography mode, 

In a series of experiments to demonstrate the feasibility of flash 
radiography of our laser implosion targets, we irradiated Ti, Ni and Zn 

15 2 
disk targets at intensities varying from the 10 W/cm to 
3 x 10 W/cm . As illustrated in Fig. 89, we were able to convert 
froro 0.02-0.08% of the incident laser energy into monochromatic He-like 
K x-rays. These intense monochromatic sources, T1 at 4,8 keV, Ni at 
7.8 keV and Zn at 9 keV, indicate the high probability of success in 
obtaining significant flash radiography information on the implosion 
history, and implosion sphericity in our laser irradiated targets. In 
Fig. 90 we illustrate calculations which show the extreme importance of 
being ab7e to obtain x-ray sources above 3 keV and low Z ablators for 
maximum contrast ratio in the Interpretation of these backlighting 
experiments. As shown, the lower the Z of the ablator material and 
the higher the energy of the x-rays, the more likely we will be able to 
interpret the position of the ablator-pusher interface and the 
fuel-pusher interface. In Fig. 91 we illustrate a radiograph of an 
unirradiated plastic covered, glass shell, target during our measurements 
of the efficiency of x-ray production for radiography capability; The 
glass microshell was 143via I.D. with a 5pm wail thickness coated with 
50ym of CH plastic. The reconstructed zone plate image shown on the 
right and the densitometer trace along with the expected transmission 
curve is shown at the bottom of the figure. The inside diameter of the 
glass microshell is clearly resolved as is the outside of the plastic. 
There is a difference 1n the transmission function at the interface of 
the glass and the plastic which may be due to enhancement of the apparent 
signal due to grazing incidence reflection from the surface. This series 
of experiments has shown that this diagnostic technique is very important 
for the future. 
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The first implementation of the backlighting system on Shiva is 
illustrated in Fig. 92. This system utilizes art M = 22x version of one 
of our Wolter x-ray microscopes. The image plane can utilize either one 
of our soft x-ray streak cameras or film as the recording medium. As 
shown in Fig. 93, we use one of the Shiva x-ray microscope positioners to 
properly point and focus the x-ray microscope mirror. An optical imaging 
system is iriented coaxial and confocal with the x-ray mirror to allow us 
to optically align the microscope assembly. An illuminator on the 
opposite side of the target chamber provides monochromatic light to both 
back and front light the target in the alignment process. Filters and an 
optical lens shield can be remotely positioned in front of the microscope 
assembly. Fig. 94 shows the detail of the optical alignment camera and a 
soft x-ray streak camera in the image plane for temporal recording of the 
implosion dynamics. This system has been Implemented on Shiva and is now 
beginning to record time resolved x-ray absorption of laser irradiated 
targets where the auxiliary source is produced by one or more of Shiva's 
twenty beams. 
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SECTION IIO. PARTICLE DIAGNOSTICS 

In this next section we discuss particle diagnostics, that is 
electrons and ions created in the laser plasma interaction process, and 
neutrons and charged particles produced by the fusion reactions. 

In most cases of interest for laser fusion, the laser intensity is 
sufficient to create suprathermal electrons by the resonance absorption, 
Raman scattering, 2 <j> instability and two-stream instability 
processes. A portion of these suprathermal electrons have sufficient 
energy to escape from the plasma interaction region in advance of the 
main plasma expansion. This distribution of escaping electrons gives 
some information about the suprathermal electron distribution created in 
the plasma interaction process. It is relatively easy to measure the 
energy distribution of these escaping electrons at a large distance from 

95 
the target. Fig. 95 shows a magnetic spectrometer which has been 
utilized at Livermore to measure the energy distribution of these 
electrons. The detectors used in the spectrometer were Si PIN detectors. 

The asymptotic energy distribution of the plasma ions in the plasma 
expansion cloud from the laser irradiated target also contains 
information about the plasma processes. They are also useful in 
determining the total energy absorbed by the laser irradiated target, and 
the angular distribution of the expansion energy. The most popular 
technique for measuring the plasma expansion energy is the simple Faraday 
cup. This simple device measures the total charge arriving at the 
detector as a function of time. If the charge states are known, then the 
energy can be determined from the data from this detector. However, 
there are a number of problems with this diagnostic technique. The first 
is that for multi-ion plasma species, it is not clear which species are 
arriving at the detector at one time. Also unless very special care is 
taken, the plasma ions striking the cathode of the Faraday cup can emit 
secondary electrons which carry off energy and reduce the signal to the 
detector. A large amount of work has gone into techniques for 
guaranteeing that total charge and energy are collected by the Faraday 
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cup. Secondary grids and magnetic fields as well as deep cups have been 
used to alleviate the problem of secondary emission and sputtering from 
the cathode surface. However, these do not address the problem of 
determining which charge states are arriving, and thus uniquely determine 
the energy arriving at the Faraday cup. 

To address these issues, a number of different types of magnetic 
spectrometers have been "implemented. The principle of the simple 
magnetic time of flight spectrometers is shown in Fig. 96. A magnetic 
field deflects the incoming positive ions to different detector planes 
designated by x. For each fixed value of x, the different values of m/q, 
that is the mass-to-charge ratio, produce peaks arriving at different 
times. As shown in Fig. 97, we can place detectors at these different x 
locations and obtain information about the energy as well as the 

Q7 
mass-to-charge state. This type of detection system is amenable to 
rapid retrieval of the ion plasma energy and charge state distribution, 
but as is obvious suffers from the situation that only a finite number of 
data points are obtained. Another approach to the problem of obtaining 
the plasma ion asymptotic distribution is illustrated in Fig. 98. The 

go 
Thomson spectrometer'0 utilizes parallel magnetic and electric fields 
to separate the different charge-to-mass species into parabolic 
trajectories in the detector plane. The distance along each of the 
parabolic trajectories corresponds to the velocity or energy 
distribution. This type of spectrometer was first implemented with film 
recording which allowed for qualitative interpretation of the plasma 
distribution. However, with film recording quantitative reduction of the 
data was not possible. Later celulose nitrate film was used to record directly the ion tracks. Etching of the celulose nitrate with NaOH makes 

gq the damaged tracks visible. Scanning of these films after the 
experiment produces quantitative information on the plasma ion energy 
distribution, however, the reduction of the data is extremely time 
consuming. 

As will be discussed further in the section on laser plasma 
interaction experiments, these methods of attempting to understand the 
plasma Interaction processes have been relatively unsuccessful. The 
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basic problem being that they represent an integration in time and space 
of a complex history of the dynamics of the interaction and expansion 
process. Unlike measuring the photon emissions from the plasma which 
occur during the plasma interaction process, and thus mirror the 
phenomena which are occurring during this time, measurements of the 
asymptotic 1on or electron energy distribution are vastly complicated 
itegrals of the total time history. 

Of more interest is to measure the reaction products from the fusion 
reactions. For targets that are sufficiently thin to the DT produced 
3.5 MeV a particles, we have been able to measure the energy distribution 
of these reaction products. The simplest approach, and the one that was 
first utilized at Livermore in 1975, is the magnetic time of flight 
spectrometer. Since we are primarily trying to detect 3.5 MeV 
a particles, our discrimination problem is relatively simple. We use a 
magnet to deflect these particles onto an NE-111 fluor and detect 
scintilations with a fast photomultiplier. By utilizing a 2.35 m 
distance from the reaction location, we are able to obtain energy 
resolution of - 130 eV. This system as implemented on Janus in 1975 is 
illustrated Fig. 99. This system provided sufficient resolution for the 
a particles such that fusion ion temperatures in the burning fuel of 
1-2 keV were resolved. 

Another reaction of interest is the D( He, p) 4He reaction. This 
reaction produces a 14.7 MeV proton in addition to the 3 MeV c, particle. 
In this experiment we were interested in measuring the number of 14.7 MeV 
protons. The detector which we used was a NE-111 
fluor-photomultiplier combination shown in Fig. 100. In front of the 
Ne-111 fluor we also placed an x-ray absorber which in addition to 
reducing the x-ray signal on the detector also reduced the energy of the 
14.7 MeV protons. The time of flight difference between the protons and 
x-ray flash from the target allowed us to separate these two signals in 
time and record the proton signal after the decay of the x-ray flash. 

Celulose nitrate films have also been used to record spatially 
resolved Images of a particles produced in the DT filled glass microshell 
targets, ' We have also utilized a sensitive track detector, 
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CR-39, 1 0 3 to detect high energy protons, > 1 MeV, produced in our 
experiments. As shown in Fig. 101A, the diameter of the proton track 
produced is a unique function of its energy. We plan to utilize 
these detectors for low yield imaging of 3 MeV protons from the DD 
reaction, 14.7 MeV protons from the He 0 reaction and DT Vnock-ons. 

One of our primary concerns in the laser fusion program is the 
measurement of the total number of fusion reactions in the laser 
irradiated target. The primary diagnostic instrument which we have 
utilized is the scintillation detector shown in Fig. 101. This system 
utilizes a 17.8 cm diameter 10.2 cm thick Pilot U fluor coupled to a fast 
photomultiplier where the neutrons produce scintillations in the fluor 
which are detected as an optical signal by the photomultiplier. 
These detectors have been calibrated using the rotating target neutron 
source at Livermore to provide a calibrated flux. Their calibration 
is periodically checker with a calibrated internally mounted optical 
source. These detector packages have been used as our primary neutron 
yield monitors. 

The detectors have also been used in our neutron time of flight 
spectrometers. The response of these detectors to a * function neutron 
impulse produces a FMHH response of ~ 3.5 nsec. By moving these 
detectors to a distance of 45 m, the energy distribution of the neutrons 
can be measured for reaction temperatures - 0.65 keV. Fig. 102 shows the 
Argus neutron time of flight spectrometer. Neutron collimators are 
located near the Argus target chamber. An evacuated flight tube then 
passes through water shields located outside the Argus target room and 
inside the neutron detector station. This system has produced neutron 
energy distribution information on laser fusion reactions for 

108 tenperatures ranging from 2-10 fceV. The Shiva neutron ToF 
spectrometer is located 125 m from the target which produces 25 eV ion 
temperature resolution with a threshold detection level of 
I t } 9 , 14.1 HeV neutrons 

One of the difficulties with the utilization of the 
fluor-photomultiplier neutron detector 1s that it is also sensitive to 
the suprathermal x-rays produced in the laser plasma interaction 
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process. In many cases, we are able to discriminate between these two 
signals by the difference in the time of arrival. However, 1n some 
experiments we produce suprathermal electron temperatures ~ 20 keV and a 
significant fraction of the absorbed energy is absorbed into this 
distribution. In those cases, we have found that our threshold for 
neutron detection is sufficiently high, that many experiments of interest 
cannot be adequately diagnosed. One method of alleviating this problem 
is to utilize a detection technique which is not sensitive to the high 
energy x-rays emitted by the target. Fig. 103 illustrates an approach 
that we have taken to eliminate the effects of the suprathermal 
electrons. A Cu disk is placed at a known distance and geometry with 
respect to the laser fusion target. Neutrons from the DT reaction 
activate the Cu producing the radioactive Cu by the n, Zn 

109 reaction. One of the very attractive features of this nuclear 
reaction is that it has a threshold of 10.9 MeV, thus it is only excited 
by the 14.1 MeV neutrons from the DT reaction. The primary decay 
mechanism of the radioactive Cu is by positron emission to the stable 

Ni isotope. This decay occurs with a half-life of 9.8 min, thus 
allowing sufficient time for the removal of the activated Cu disk and 
transport to the detection station. The detection then is by observing 
coincidence of the two 511 keV gamma rays in the annihilation of the 
positron. In both Argus and Shiva, we place the Cu disk at a distance of 
41 cm and our detectability is - 10 neutrons. Fig. 104 shows the 
block diagram of the positron coincidence counting system. This system 
has also been calibrated at the rotating target neutron source at 
Livermore. Where both the fluor-photomultiplier and the Cu counting 
system can be utili2ed, concurrence to within 10% of the total yield is 
typically obtained. 

The threshold for the Cu counting system is considerably higher than 
is desirable for marginal fusion implosion experiments. Useful data on 
implosion experiments are obtained where the total number of reactions is 
as low as 10 4. To provide a system of measuring these very low total 
number of reactions, we have implemented a Pb activation system 
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which is illustrated in Fig, 105. DT neutrons from an impJoded target 
produce 2 0 7 m P b atoms by the reaction Z 0 8 P b (n, 2n) 2 0 7 m P b and 
2 0 7 P b (n, n) 2 0 7 m P b reactions in a 1.9 cm thick Pb sheath that 
surrounds a 7.6 cm long, 7.6 cm diameter Nal (Tl) crystal. The crystal 
is optically coupled to a photontultiplier tube. The 1.06 MeV and 570 keV 
ganroa rays from the 0.8 sec half-life 2 0 7 m p b atoms produce 
photomultiplier pulses that are amplified discriminated and recorded by a 
pulse height analyzer operating in the multichannel scaling mode. The 
number of recorded pulses is proportional to the neutron yield from the 
target. The inorganic scintillation crystal is also activated by the 
pulsed neutron source of the target. In the measurement of the target 
neutron yield, we also detect the 11.4 sec half-life P decay of 
20 23 ?n 
F atoms formed by the Na (n, a ) W F reactions in the Nal 

crystal. We increase our detector sensitivity by including this decay 
process in the detector calibration and data analysis. 

The detector system can be placed as close as 2 cm from the laser 
target producing a minimum detectability of 10 4 DT reactions. The 
x-ray burst from the laser irradiated target generates about 10 9x more 
light intensity in the Nal crystal thari does an individual gamma ray from 
the Pb decay. To minimize the effect of this light pulse on the 
photomultiplier tube, a gate circuit removes the photomultiplier high 
voltage 2 sec before a shot, and then restores it 70 msec after the 
Shot. To calibrate this system, we have utilized it in conjunction with 
the Cu activation technique where our total yields are above 10 . An 
example of the activation decay jbtained on one of our calibration shots 
1s shown in Fig. 106. Initially, the decay of the 0.8 sec half-life 

2 0 P b atoms dominates the curve. After 5 sec, the decay of 
Z 0 F atoms with an 11.4 sec half-life dominates the curve. 

Another application of the utilization of activation of material by 
the neutrons from th* fusion reaction is in determination of areal 
densities of fuel and shell materials in the laser imploded target at the 
time of the fusion burn. The OT fusion reaction produces 14.1 MeV 
neutrons which then activate various materials in the target. If a seed 
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material is placed in the fuel, then this element can be activated for 
direct determination of the fuel f p d r . An average fuel density a n then 
be calculated. The activation of other target materials provides 
information about the density radius product, ft>dr abbreviated as par, of 
those materials at the time of the burn of the fusion fuel. 

More specifically, in Fig. 107 we show schematically how the neutrons 
from the fusion reaction could be used to determine the areal density of 
a Sifl- pusher- Neutrons from the fusion reaction interacting with 
the 2 8Si in the pusher produce A1 which Is a radioactive nuclide. 
It has a beta-gamma decay with a half-life of 2.24 minutes. B 's are 
emitted with an energy of 2.86 MeV and the* 's with an energy 1.78 MeV. 
As shown in the equation, if we measure the neutron yield, and if we are 
able to determine the number of 8A1 atoms produced, we can determine 
the par of the pusher material. 

Knowing the p&r of the pusher material is of course very useful, but 
we would like to also be able to relate that information to the fuel 
density. Me can either relate the measured p^r of the pusher to the fuel 
density using our complex target design code or we can utilize a simple 

XI? 
model to relate these two quantities. We start with the assumption 
of conservation and complete separation of the fuel and the glass pusher 
material. We also make the assumption that the density of the two 
materials are uniform although not equal- Finally, we make the 
observation that the pressure and temperature at the pusher-fuel 
interface must be continuous and equal at stagnation, and therefore we 
will assume that the pressure and temperatures are uniform and equal 
throughout the pusher and fuel regions. 

Conservation of the masses of the fuel and pusher gives, 
¥ f> - V > EC, 10 

where the subscripts o and f represent the initial and final states 
respectively and the f and p in brackets designate the fuel and pusher. 
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Further using the assumption of uniform densities in the fuel and the 
pusher, we can write, 

| * r f
3(f) P f(f) . | *r, 3(0 » 0t*) E q. 11 

| • Lrf

3(p) - rf

3(f)l Pffpj 4* r0

Zip) PQ(p) &r0 

where we have also assumed that the initial pusher thickness 
a r 0 < - c ro^ f^* S f m P ^ e algebraic manipu?ation leads to, 

' 3/2 (n*(p) ir f * ar- , ar f 2] I* Eq.12 

For cases where &r-/rf(f) << 1, we have solved for 
Pf£f) = f fpf(p) W f ] . However, this is not generally trull and so 
we make the isobaric, isothermal assumption to obtain a relationship 
between P f(f) and p f(p). This leads to 

p{p) = ap(f) Eq. 13 

where a is determined by the degree of ionization of the pusher material. 
We can then write, 

o f(f) = [pf(p)A r f ] 3 / Z G [ H ( P ) , H(f),u] Eq. 14 

where 

C {.(fe)I /3I(^- (")1/3-»<"w i K -
In Fig, 108 we plot the solution for the above assumptions which is 

shown as the solid line relating effective Si0 2 pusher par -to the 
maximum fuel density. It 1s interesting to note that a range of 1-0 
simulations essentially bounds this simple approximate solution. Another 
spatial distribution for the simple model is also shown. It is 
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Interesting to note that this rather extreme deviation from our simple 
assumption of uniform densities produces less than a factor of two 
difference in the inferred fuel density for a given pusher r. Finally, 
we show the situation for a complete mixing of the pusher Into the fuel 
such that there are equal amounts of pusher and fuel material in the fuel 
region. Again, the variation from the nominal case is less than a factor 
of two. The very important result from this discussion of the use of 
activation of radionuclides in the pusher material is that it is a very 
effective determinate of the final fuel density and relatively 
insensitive to the distribution of fuel and pusher and even to mixing of 
the pusher into the fuel. 

Now let us examine how an experiment might be performed. In the 
analysis of the data one must know the fraction of the target collected 
in the collection system. It is well known in laser interaction 
experiments that a simple collector does not collect the geometrical 
fraction of target material that it intercepts. As a result, we must 
have a measure of the target fraction which is collected. One approach 

113 
to solving this problem is to irradiate the target in a nuclear 
reactor with thermal neutrons and for targets containing glass pushers 
the "Na in the glass can be activated to produce c Na. ' Na has a 
half-life of 15 hwirs and the target is counted before the experiment is 
performed. After the implosion experiment, the t oA1 activity can be 
counted for 5 minutes and then the remaining ^ 4Na activity can be 
counted for 24 hours. The second counting of the Na produces the 
target fraction which is collected allowing the determination of the 
"Al activity produced in the SIO- pusher. 

In Fig. 109 we show schematically how this system is implemented on 
Shiva and we also show schematically a multiple shell target which has 
been irradiated. The multiple shells of course could each contain a 
material which could be activated by the neutrons from the fusion 
reaction, thus providing informatics ibout the areal density of each one 
of the shells at the time of the fusion reaction. In this system, the 
collector is an Al cylinder which is lined with reactor grade Ti or 
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Ta foils. It is important that the collector foils not contain any trace 
materials which could be activated by the fusion neutrons from the 
reaction,* After the experiment has been performed, the Al cylinder 1s 
retracted automatically through a gate valve and then released through 
another valve as shown in Fig. 110, The AT rabbit then falls down 
through a plastic tube, as shown in Fig. Ill, to the basement of the 
Shiva system where the counting system is located. 

The counting system is shown schematically in Fig. 112. It consists 
of a 25.4 era Nal crystal for measuring the gamma reactivity, it is a 
well detector in which we place an N£ 102 fluor system which contains the 
Ti or Ta foils which have deposited on them the activated material from 
the target. The NE 102 floors consist of a cylinder around which the 
foils are wrapped and then this cylinder and the foils are placed inside 
asother cylinder of HE 102 f l u o r . This combination is then placed inside 
the Nal crystal* thus producing a system which has a 100X efficiency for 
counting the g ray decay and 40* efficiency for counting the Y ray decay 
for a combined efficiency of 40*. Because of the extreme sensitivity of 
the large detector system to outside radiations, we place the counting 
station in the basement of Shiva to provide significant concrete 
shielding against cosmic rays and other naturally, or artificially* 
occurring radiations. We also place the system inside a 10 cm thick Pb 
chamber. 

However, even with all of these precautions, we receive significant 
background due to cosmic rays which enter the Nal crystal, Campion 
scatter and produce coincidence counts in the Nal and NE 102 fluor 

•Recently it has been shown that protons accelerated to energies in 
excess of 4 Met? can activate Ti to produce V which is a positron 
emitter. Thus, in future experiments where the activated target 
materials, such as Cu and Br are positron emitters, it may be 
inappropriate to use Ti foils. 
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systems. To reduce the background due to cosmic rays, we have surrounded 
the counting crystals with fieiger tubes which also sense the arrival of 
cosmic rays, and thus produce a triple coincidence in the counting system 
and are thus rejected, A block diagram of the counting system is shown 
in Fig. 113. The background of this system 1n a five-minute counting 
interval is two counts. Thus, the utilization of this system with glass 
pushers has produced an extremely low threshold for determining the P^r 
of glass pushers. 

In analysis of the data from an activation experiment, we must take 
into account the delay time between the time of the experiment and when 
we begin counting t^, the nuclei decay constant x, the debris 
collection efficiency n C OTjt the detector efficiency n ^ . the 
counting interval i T and the number of detected nucleids N . Thus, the 
total activation yield from the target N* is given by: 

N. e 
«* - • • — — ~ z r r r Eq. 16 

"coll ndet CI " • A i*J 
We have utilized this technique on a number of experiments measuring 

the activation of the 5i pusher in both exploding pusher and ablative 
115 

driven target experiments." 
One of the tests to determine whether we are actually measuring 

activation of the silicon pusher is to determine the decay time constant 
of the activated material. As shown in Fig. 114, we have measured the 
half-life In our target experiments, and the measured half-life of 
2.16 + 0.16 min is in very good agreement with the 2.24 min half-life of 
2 8 A 1 . " 

We have a continuing program to extend the utilization and improve 
our radiochemistry diagnostic techniques. One of the problems with our 
early collector geometry was that the foils used to collect the debris 
had to be wound around the plastic scintillator, thus producing more than 
one layer of foil material between the inner and outer plastic 
scintillator. The multiple foil layers can reduce the B counting 
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efficiency, and wrinkling of the foils produces a clearance problem in 
putting the flours and foils together for insertion into the Nal well 
detector. The wrinkling problem has resulted in 1-2 min being 
unnecessarily added to tp, and thus a higher yield x par threshold for 
measurement. 

We have recently implemented a new collector system which alleviates 
this problem. The collector geometry is shown in Fig. 115 along with the 
geometry of the NE 102 plastic scintillator. The Ti or Ta is a conical 
cup which has slits over the front portion. After ths experiment, the 
conical cup is removed and fitted over a conical and cylindrical NE 102 
plastic scintillator. The outer portion of the scintillator then is 
mated over the inner portion. The slitted portion of the conical 
collector then forms interweaving leaves to fit over the cylindrical 
portion of the plastic scintillator. With this geometry collector we 
have obtained collection efficiencies in the range of 30-40X. The major 
advantage is that we are able to reduce the time of the removal of the 
collector foils from the Al rabbit, and their placement 1n the plastic 
scintillator and then into the Nal well detector. The use of this 
collector system has allowed us to reduce from 2-3 min to 0.4 min the 
time required to get the foils into the counting system. Thus, we save 
approximately one half-life in the delay from th° experiment to the 
beginning of the counting period. 

We continue to examine activation of different materials to determine 
shell pAr and fuel P r measurements. Silicon has been quite successful in 
our target experiments, but we would like to have confirmation of the 
pusher pi r measurements, and in addition direct measurements of the fuel 
areal density. As shown in Table VII, we have considered not only S1 but 
also Cu p u s h e r p i r measurements, and Br is a very attractive seed 
material for the fuel region for the determination of fuel areal 
density, 1 1 6 Both the Cu and the Br have high activation cross sections 
for the 14.1 MeV neutrons produced in the OT reaction. The candidate 
nuclei have high natural isotopic concentrations. Also, the half-lives 
are sufficiently long, 9.7 min for Cu and 6.5 min for Br, so that the 
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delay time from the collection to the start of counting is not a 
significant factor. The requirement on the areal density yield product 
for the Cu is approximately the same as Si, and thus if our target 
fabrication program is capable of producing Cu pusher thicknesses 
comparable to the Si0 2 pusher thicknesses presently used, we will be 
successful in making a pusher areal density measurement, using Cu. With 
the fuel areal density measurements we are also concerned with the 
partial pressure of the Br which is added to the fuel. Typical initial 
fuel pressures are 50 atm, thus - 1 atm partial pressure of Br should not 
significantly influence the implosion and burn dynamics. Thus, if we can 
produce targets with a partial pressure of 1 atm of Br, then we should be 
able to make a successful fuel areal density measurement for experiments 
where pr x y > 3 x 10 . If we assume that the fuel density is. 
uniform, we can calculate it from the relation 

P*Jf {pr) 3 / 2 Eq. 17 
where M is the mass of the fuel. However, since fuel burn efficiency and 

3 
ignition depend on p r , it is most important that we have an accurate 
measurement of this parameter. 

Both the Cu and Br activations considered decay by positron 
emission. The detection method as illustrated in Fig. 116 will utilize 
the same detector scheme as for our activated Si pusher measurement. The 
Nal detector measures the annihilation gamma rays at 511 keV. The 
positron is deposited in the e fluor, and thus produces a signal in the 
6 fluor. These two signals occur in coincidence and are measured by our 
standard B - T coincidence system. 

Another extremely important feature in the utilization of 
radiochemistry for the measurement of areal densities is to have a tracer 
which can be utilized separately to determine the collection fraction. 
The chemistry and dynamics of collecting a wide range of ion energies on 
a collection foil in the presence of many other ion species of varying 
energies is basically a problem which must be attacked experimentally. 
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Cu and Br both have an abundant Isotope which can be activated in a 
nuclear reactor to produce a separately measureable activation which is 
not affected by the fusion burn. For example, Br is considered in 
Fig. 117 where we show that the °'8r isotope which has an abundance of 
49* can be converted to Br by thermal neutron capture. The 8 2 B !Br 
decays by the emission of a 776 keV gamma ray. As with the 2 3 H a in the 81 pusher measurement, we can activate the Br, measure the target's 
activity before the experiment and then determine the amount of activated 
8 2 " % 0n the collector foil to determine the collection fraction. In 
Fig. 117 we show that this technique can also be utilized to determine 
the initial amount of Br in the laser fusion target. 

Of course, we can use other nuclear reactions to examine the areal 
density of other shells or sectors of shells in the target. A future 
target construction is shown in Fig. 113. In this case we show an 
example in which we might put argon in with the fuel and observe the 
decay of CI produced in the fusion burn to determine the fuel areal 
density. Au in the inner pusher material will be activated and can be 
used to determine the areal density of that material at burn time. The 
outer pusher in this material contains Ta which is also activated by the 
14.1 MeV neutron and can also be measured. If desired, we could aTso use 
a trace amount of Cu in the Be ablator to determine its effective areal 
density at burn time. Many other possibilities exist, and their 
utilization is limited only by the yield areal density products achieved 
and our ability to fabricate targets utilizing the different materials. 

In Fig. 119 we show a summary of the applicability of various density 
measurement techniques as a function of the neutron yield from the 
experiment and the effective areal density. Imaging of the 
a particles 1s possible once the yield exceeds 10 neutrons, but U is 
limited to areal densities i 10 gm/cm . Imaging of x-ray lines 
from a seed fraction of argon in the fuel is also severely limited to 
area7 densities 110 gm/cirr for yields of current interest. The 
three most promising techniques are Cu and Si in the pusher and Br in the 
fuel. 
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Befo:e leaving this section on diagnostics, ive discuss two new 
instruments which are still in development, but which should be 
implemented in target experiments within the next year, and will have 
very significant itapact on our ability to diagnose laser fusion 
experiments. The first of these is a derivative of our streak camera 
technology. A severe limitation of the streak camera is that only one 
spatial dimension of information can be obtained. Much more can be 
learned about the laser Implosion process if we are able to provide time 
resolved two-dimensional images. In Fig. 120 we illustrate the principle 
of an ultrafast framing camera which is currently under 

110 development. An image is projected onto a photocathode producing 
photoelectrons. These photoelectrons are then streaked spatially across 
slits in the dissector plane. The spacing of the slits and the sweep 
rate determine the spacing between the frames, and the slit width and the 
sweep rate determine the time of the individual exposures. The 
two-dimensional image is then changed to a one-dimensional image in space 
with the other spatial dimension recorded in time in the electron 
packets. Before the output P-ll phosphor screen, the restorer deflectors 
again sweep the images in time, thus restoring the two-dimensional images 
in a plane. We have fabricated both an x-ray and a optical version of 
this framing camera, and we have obtained frame exposure times of 
200 psec with spatial resolutions of better than 100 urn. The optical 
version of this framing camera will play an extremely important role in 
the understanding and uniformity of preheat of target shells due to fast 
electrons. The x-ray version of this camera may be crucial in providing 
the necessary background discrimination in our flash x-ray backlighting 
experiments. 

Another instrument which is under development in conjunction with 
Tektronix is illustrated in Fig. 121. The standard R 7912 Tektronix 
transient digitizer produces a temporal resolution of -300-500 psec. By 
utilizing our developments in CCO applications, we have been able to 
improve the response of the 7912 recording tube to 4 GHz. 1* 9 The Si 
target and the read electron gun in the standard R 7912 tube are removeo, 
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and then the RCA back thinned CCO array 1s used in place of the SI 
target. Because of the thinner dead layer in the CCD S1 target we are 
able to reduce the accelerating voltage in the 7912 writing electron beam 
structure. This reduction in the accelerating voltage and the resolution 
of this CCD array has produced the fourfold increase in the bandwidth of 
the instrument. In Fig. 121 we show a cutaway of the writing gun of the 
Tektronix tube and how it is recorded on the CCO target. In addition, we 
show the response of this system to an impulse, thus demonstrating its 
4 GHz capability. This system, in conjunction with our recently 
developed 50 psec detectors, will allow us to make optical and x-ray 
measurements with a temporal response of 100 psec and collect the data in 
a digital format. 

Over the last six years we have continued to recognize the need for 
the implementation of computers connected to our diagnostic systems to 
allow to us to rapidly and efficiently process the data from our vast 
number of diagnostic instruments for analysis by the fusion experiments 
program. Fig. 122 illustrates the system which is now being implemented 

120 in the Livermore Laser Fusion Program. A relatively large analysis 
computer will be directly connected to the Shiva, Nova and Argus laser 
fusion facilities by fiber optic digital data ways. The implementation 
of fast transient digitizers and CCD cameras will allow us to process 
roost our data automatically following a target experiment. 
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III. LASER FUSION PROGRAM AND FACILITIES AT LLL 

As indicated in Section I, the concept of laser inertia! fusion was 
born at LLL in the early 1960's. However, it was not until 1974 that a 
sufficiently powerful laser was constructed to do meaningful laser fusion 
experiments. The history of the Livermore Laser Fusion Program in terms 
of laser fusion accomplishments and the projections for the future 
are illustrated in Fig. 123. Experiments began in 1974 with the single 
beam version of the Janus laser facility at a maximum power level of 
0.2 TU. At that time we were able to demonstrate fusion reactions from a 
laser imploded target. The primary thrust of the program over the next 
several years was to exploit a target class designated as the exploding 
pusher target where we maintained the quality of inertia! confinement m 11 -̂  at a value in the mid 10 cm J sec range and utilized the increasing 
laser power and target fabrication capability to increase the 0T ion 
temperature. The maximum ion temperature was achieved with the Argus 
facility, where at 4 TW we were able to achieve a DT ion temperature of 
close to 10 keV. With the Shiva facility in 1976 at 20 TU, we relaxed 
the DT ion temperature and through the use of a more massive target and 
increased fuel mass, we were able to achieve a value of m of several 

12 -3 times 10 cm J sec at a DT ion temperature of 5-6 keV. 
The major thrust of the program, however, is to achieve high density 

of the compressed fuel, and thus values of r»T in the range of lfi — 3 
10 cm sec. Thus in 1976, we also began a program to irradiate 
targets where the pusher material was ablated and not exploded, leading 
to higher final fuel densities. Our program from that time was to 
increase the fuel density and pr while maintaining just sufficient DT ion 
temperature to produce sufficient fusion reactions so that diagnosis of 
the final fuel conditions and the success of implosion experiments was 
possible. In 1978 with Argus operating at 2 KJ in 1 nsec, we were able 
to demonstrate -10x liquid 0T densities in our laser imploded targets. 
With Shiva in 1979 operating at 8 KJ and 600 psec, we were able to 
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demonstrate lOOx liquid DT density. Our program continues to progress 
towards the achievement of lOOOx liqiid DT density, which is considered 
the density required for breakeven and reactor targets. To achieve this 
goal of lOOOx liquid DT density in the 1981-82 time frame, we will 
require the full energy capability of Shiva, i.e., 15 KJ and increased 
capability in terras of fabricating complex multishel) targets. After 
having achieved lOODx liquid DT density the program plan then is to trade 
some of the density achievement for higher ion temperatures, and thus 
produce a higher degree of thermonuclear burn. 

The Nova facility, which will be described in the final Section VI, 
is expected to achieve 100 KJ in its first phase of construction. If we 
are able to properly design and fabricate the implosion target, we may be 
able to achieve the ignition threshold with this amount of energy. 
Ignition is defined as that situation where the a particles from the DT 
reaction are trapped in the burning fuel and cause the temperature to 
rise significantly above that temperature which would have been achieved 
without thermonuclear burn. The full Nova capability at 300 K-J, which as 
yet is not funded, is expected to demonstrate scientific breakeven and 
sufficient gain to guarantee scientific feasibility. The boxes shown in 
Fig. 123 Ife primarily on these two pathways, thai is the exploding 
pusher and the ablative driven targets. However, it is clear that by 
adjusting the laser and target conditions that data points can be 
achieved throughout this region of parameters space. The Shiva 20 TW 
1978 achievement and the Shiva 4 KJ 1979 achievement are examples of 
experimental conditions not following these *.to limiting parameter paths. 

Mow having discussed the overall strategy of our laser fusion program 
at Livermore, let us examine ?ome of the characteristics of targets of 
the past and those required for the future. In Fig. 124 we show the 
typica7 exploding pusher target which has been the focus of attention for 
the past five years by most of the laser fusion programs In the world. 
This target 1s a glass microshell filled with DT gas at pressures ranging 
from 10-100 etm. The diameter has rangeo from 10 to several 100 j.m with 
wall thickness ranging from 0.3 to several urn. As illustrated in 
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Fig. 125 where we show the pressure-density trajectories of several 
121 classes of targets, the exploding pusher target achieves pressures 

in the range of 1000 M bars, but final fuel densities of only 1 to 
several times liquid 0T density. The trajectories shown in this figure 
are approximately isentropic, and do not illustrate the nonadiabatic and 
nonisentropic transition from the initial fuel condition to the beginning 
of the nearly isentropic compression. However it is clear from the 
figure that to achieve densities of interest for inertial confinement 
fusion, we must progress to the right in our density-pressure 
trajectories, and that the compression of the fuel must more closely 
approach the isentropic Fermi degenerate trajectory. Fig. 126 
illustrates the progression in target design required to achieve these 
conditions. Our exploding pusher class of target is shown in the upper 
left which again illustrates the simple glass microshell filled with 0T 
gas. Targets designed to achieve densities in the range of lOOx liquid 
DT density are the second class of target illustrated. Here the glass 
microshell pusher is now significantly thicker having a wall thickness of 
5-10 um and coated with a lower 2 ablator, in this case, illustrated as 
teflon, CFj 3, but we have also utilized parylene, CH, as the ablator 
material. Typical diameters for these targets are in the range of 

1?? 200-400 ym. * Targets designed to achieve much higher density are 
more complex series of spherical shells. As illustrated in the lower 
left, a target designed to achieve lOCOx liquid DT density consists of an 
inner OT gas fuel region, a Au pusher, a low density plastic foam or gas, 
a high Z polymer as the outer pusher and a low Z Be ablator. If we would 
expect to achieve significant thermonuclear reactions from this type of 
target, then our present calculations indicate that we will have to 
freeze the DT fuel into a solid sphere to gain the additional increase in 
density in advance of the laser driven compression. 

We do not Intend to digress significantly Into the methods of 
achieving these multilayer structures, however, we will illustrate 
briefly some of the techniques and achievements in producing the advanced 
target structures. Fig. 127 shows how the Livermore program is able to 
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produce glass microshells of arbitrary diameter and arbitrary wall 
thickness with the accuracies and tolerances required for high density 
targets.1 The concept is basically the same one that is used in ink 
jet printing. A droplet generator injects a stream of aqueous glass 
blowing solution through a capillary orifice which Is vibrated by a 
piezoelectric transducer. The jet of aqueous glass blowing solution then 
breaks up uniformly into spherical drops which fall through a furnace 
which produces the blowing of the glass microshells. This system has 
been extremely successful in producing a high yield of target quality 
glass microshells for not only our exploding pusher targets, but also our 
ablative driven implosion experiments. 

Fig. 128 illustrates one of the techniques we use to uniformly coat 
glass microshells with arbitrary thicknesses of teflon and parylene for 124 our early high density experiments. Fig. 129 illustrates the 
quality of the plastic coating which has been produced. Typically, the 
target design requirements indicate that a surface finish of better than 
1000 A is required with a concentricity of 3-5% where the total thickness 
of the coating ranges from 15-100 wn. The scanning electron microscope 
images shown in Fig. 129 show that we have achieved the desired 
requirements. 

Another requirement for achieving high density implosions is the 
utilization of high Z pushers for the material against the inner fuel 
region. Thus, we must be able to coat the glass mandrels with a high 2 
material such as Au, Pt, Pb or U. Fig. 130 illustrates that we have made 
significant progress in achieving the desired and required target 
specifications for high Z pushers. 

Now before proceeding further, we should clarify the concepts of 
exploding and ablative driven pusher targets. Fig. 131 illustrates the 
radius-tine and pie diagrams for three representative situations. The 
first case involves the plastic and glass ablator pusher material being 
heated by very penetrating energy deposition, thus producing early high 
temperatures in the fuel and rapid decompression of both the ablator and 
the pusher. The dynamics in this case lead to early high temperatures in 
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the fuel and concomitant low final densities. In the second portion of 
the figure, which is indicated as moderate preheat, the penetration 
distance of the driving energy is reduced thus producing more ablation of 
the plastic and a more complete integrity of the pusher material further 
into the implosion process. One should note that at -0.25 nsec in the 
previous example, the fuel had achieved a temperature of 30 eV whereas in 
this case the fuel has only been heated to 5 eV at the same tine. The 
final temperature achieved is * 1 keV in this second case, and a 
significant increase in the final density is produced. In the previous 
case, the pusher turnaround was at a radius of close to 20 vm whereas in 
this case, the pusher turnaround occurs at "lOvrn or more than a factor 
of 8 increase in the final fuel density. In the final case, labeled low 
preheat, the same driver energy is delivered to the target, but in this 
case the energy is absorbed in the ablator and only a small fraction of 
the driving energy propagates through the pusher into the fuel producing 
early time temperatures of 1 eV. In this case, we see that pusher 
material is compressed during the early acceleration and is not 
decompressed by the penetrating heating of the driver energy. The final 
temperatures achieved are in excess of 1 keV, the final radius is 
- 5 ytn, and thus an increase in the final density of more than a factor 
of 8 over the moderate preheat case and a factor of 64 over the high 
preheat case is achieved. 

The situations illustrated in Fig. 131 were calculated by simply 
programming energy deposition as a function of radius. In Fig, 132 we 
illustrate a typical Argus exploding pusher target irradiation. The DT 
fuel is at an initial density of 10 atm with a radius of 40 um and a wall 
thickness of 0.5 vm. The ia«er driver pulse impinges on the glass pusher 
"ablator" with a FNHM of 38 psen. Initially in the irradiation of the 
pellet, the outer surface of the glass shell is ablated. However, very 
early in the irradiation the merged thermal-Shockwave breaks through the 
pusher, the electron thermal conduction wave propagates supersonical1y 
througff the fuel rapidly raising its temperature to several 100 eV, the 
pusher continually decompresses during the irradiation pulse and 
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significantly in advance of the convergence of the shock to the center of 
the fuel and Its reflection, temperatures in excess of several keV are 
achieved. The peak temperatures are ~ 8 keV, and the final fuel 
densities are l-2x liquid DT density. 

The case of a multishell single fuel region ablative driven implosion 
is illustrated in Fig. 133. Here we use programming of the Taser pulse 
energy and initial shell density structure to achieve the programming of 
the compression waves in such a way as to achieve very high final fuel 
densities. The target structure consists of a Be ablator, a glass 
tailored density anti-mix layer, Pb glass as the high Z-high density 
pusher material, frozen DT in a shell structure against the high Z-high 
density pusher and void to the center of the target. The low intensity 
early pulse ablates the Be, and as time increases we continue to increase 
the temperature and ablation rate, the Be driving compression waves into 
the glass and the Pb glass and finally into the solid DT which 
accelerates these materials towards their convergence towards the center 
of the target. Roth the Pb glass and the solid DT are continually 
accelerated and compressed in this implosion process leading to burn 
temperatures of 7 keV at 11.6 nsec and densities in the range of 
1000-lO.OOOx liquid DT density. 

Now to achieve our programmatic goals both for military applications 
of laser fusion and the civilian application of the production of energy 
for the generation of electricity, we review the development of 
irradiation facilities at Livermore. Fig. 134 illustrates the 
development of the total output aperture of facilities at Livermore and 
the projection for the Nova facility and a HJ Nd:glass laser operating at 
the third harmonic of the Nd:glass laser The abscissa represents the 
progression of facilities, and thus also time. The ordinate is the 
equivalent diameter of the total output aperture, and the circles are 
scaled to represent the total area of the output aperture of the 
systems. Janus began operation in the fall of 1974 and continues as a 
facility utilized by the Equation of State Division in the Physics 
Department at Livermore. Cyclops was a single beam system with an output 
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aperture diameter of 20 cm and was primarily a developmental laser 
facility, although it operated from June 1975 to May 1976 as a target 
irradiation facility. Argus became a target irradiation facility 1n June 
of 1976 and Initially operated in the short pulse regime at 2-4 TW. 
Subsequently, it was modified and optimized to produce 2 KJ in 1 nsec 
irradiation pulses to begin significant ablative driven implosion 
experiments. Shiva's twenty 20 cm output aperture beams are capable of 
producing 15 KJ in 1 nsec pulses. This is the system which has been 
utilized to demonstrate 200x liquid DT density implosion experiments. 
The Nova system, which is under construction, will have an output 
aperture of 75 cm/beam. It is illustrated as producing 15 KJ in a 3 nsec 
pulse at 1.05 pm. However, target physics results indicate that even 
with the 30-50% loss of energy associated with frequency of conversion to 
2aj, that we will be able to achieve more significant target Implosion 
results at the reduced energy with frequency doubled or green light. 
Finally, a HJ extension of the Sicva facility is illustrated on the far 
right of the figure. This system would most likely utilize frequency 
tripling of the output 1.05 vm radiation to enhance the target absorption 
and reduce deleterious plasma physics effects which will be discussed in 
Section IV. 

Reviewing 1n somewhat more detail the Livermore target irradiation 
facilities, we return to the Janus system as it existed in 1975. The 
Janus system, illustrated in Fig. 135, utilized a passively mode locked 
oscillator capable of producing pulses in the range of 30 to several 
100 psec. The amplifier chain consisted of rod amplifiers and disk 
amplifiers terminating in 8.5 cm output aperture amplifiers arranged in 
opposing beams to irradiate two-beam laser fusion targets. In 1975 this 
system was capable of delivering 0.4 TW to short pulse exploding pusher 
implosion targets. Fig. 136 shows a photographic view of the system as 
it existed in 1975 with the implosion experimental chamber in the center 
of the figure. 

As discussed In Section II, a large number of diagnostic instruments 
are utilized on every experiment in an attempt to characterize and 
understand the laser plasma interaction and implosion processes. 
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Fig. 137 shows a photograph of the inside of the Cyclops target 
127 chamber which was utilized for implosion experiments from June 1975 

through May 1976. A large number of instruments are arrayed inside the 
target chamber to provide the laser plasma interaction and implosion 
Information. 

Fig. 138 shows a view of the Argus laser system ° circa 1976. 
This system began operation in June 1976 with the beam in the foreground 
for single beam laser implosion experiments. In July 1976, the south or 
beam in the background was brought into operation, and by August 1976 
record yields of 10 DT neutrons had been achieved from exploding 
pusher laser driven targets. In 1977, as we pushed further for high 
density ablative driven targets, it was clear that the future required 
long pulse Irradiations of 1 to several nsec.. The damage threshold of 
thin film coatings at that time thus dictated that the final aperture of 
the focusing elements of the Argus system be increased from 20 cm to 
2fi cm to accommodate the desire for 2 KJ, 1 nsec target irradiations. 
The configuration of this system after this conversion to final output 
aperture of 28 c m 1 " is illustrated in Fig. 139. The input lens to the 
final spatial filter was left uncoated to alleviate the damage problem at 
that point. The final aperture of 28 cm allowed for the propagation of 
1 KJ, 1 nsec pulses through of each of the two beams of the Argus 
system. Fig. 140 shows a view of the Argus target chamber and the target 
diagnostic instrumentation utilized in late 1977 and 1978. Again, a 
large amount of instrumentation is in operation for every target 
experiment to provide the maximum amount of information. Fig. 141 is a 
cross section of the Argus target chamber circa 1976. This is the 
configuration that was used for early exploding pusher targets where the 
beams were focused with f/1 aspheric lenses onto the target. Since we 
were operating at relatively low energies, 60-65 J/beam in pulses of the 
order of 30 psec, damage was not the limiting criteria. As indicated in 
Section II, Argus as well as all of our systems have operated with 
opposing beam directions. 
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The Shiva system became operational in summer of 1978. At that 
time, it was utilized to implode exploding pusher targets. Later in 1978 
it was utilized to advance our capability in ablative driven implosions. 
Fig. 1A2 shows the layout of the oscillator and preamplifier sections of 
the Shiva system. We have a Kuizenga actively mode locked, Q switched 
oscillator for the production of the primary target Irradiation pulse, a 
pulse sychronization system to adjust the arrival time of the pulses from 
all twenty arms onto the target and a CW alignment laser, all of which 
propagate through the optical chain and are coaligned by the oscillator 
alignment system. The beam from the oscillator and preamplifiers is 
split in two and four as shown in Fig, 143, and then propagates through 
the chain of rod and disk amplifiers, through the final spatial filter 
and to the laser implosion target. Fig. 144 shows a picture of the model 
of the Shiva laser system. The beams from the laser bay pass through the 
wall to the target bay. The top ten beams are collected by two groups of 
ten mirrors nto a c!uster»of ten beams approximating a single f/1 
focusing arrangement. The same is done for the lower ten beams, and then 
these twenty beams enter from the top and the bottom of the target 
chamber and are focused onto the laser implosion capsule. 

Fig, 145 shows a view of the Shiva laser bay with the* amplifiers in 
the foreground. Recall that the output aperture of each of these 
amplifiers is 20 on. In Fig. 146 we show the optical path of beams 8 and 
18 leaving the 6 amplifiers propagating through the f/14 final spatial 
filter image relay systems onto the first turning mirrors, reflecting 
from the final turning mirrors and then into the target chamber focused 
by f/6 focusing lenses. As indicated in Section II on the laser 
diagnostics, a portion of the Incident beam is transmitted through the 
second turning mirror to the incident beam diagnostic package. Also, a 
portion of the beam returning from the target or transmitted by beam 8 to 
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the beam line 18 is transmitted through the second turning mirror to the 
PFC RBD diagnostic instruments. The PFC/RBD and IBD instrumentation 
packages for the upper ten beams are pictured in Fig. 147.* 

Because of the complexity of the operation and alignment and data 
collection in the Shiva system, we implemented a three-level, 
four-function control system utilizing microprocessors at the control 
location, mini computers to compact the operation and data collection and 
a higher level mini computer for backup operation of the control system 
and analysis of the vast amount of data collected by the Shiva control 
system. This system is illustrated in Fig. 148 where the orange portion 
is the power conditioning and firing and control of the whole laser 
system. The brown sections are beam diagnostics which determine the 
optical performance of the laser throughout the chain and before entry to 
the target chamber. The green system is the alignment of the laser 
through the chain and onto the target, and the yellow system is that 
which controls and accesses the targtt diagnostic information. A more 
complete listing of the elements in this control and data analysis system 
is illustrated in Fig. 149. Without the utilization of this 
interconnected computer control and data acquisition and analysis system, 
the Shiva system would not have been able to be operated. 

The performance of the Shiva system over several years is illustrated 
in the next two figures, 150 and 151. In Fig. 151 we show the peak power 
capability of the Shiva system at pulses ~ 100 psec. We see that we have 
achieved peak powers of 28 TW. Most of the experiments have been 
performed with pulse lengths of 600-1000 psec, and in this range our 

*For the student who wishes a pedagogical treatment on lasers for ft;sion, 
the notes from the 20th Scottish University Suwmer School on Laser Plasma 131 Interaction by 3 . F. Holzrichter are recommended. The details on 
the theory and construction of Nd:glass lasers are well covered in the 
LLL Laser Program Annual Reports. 
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maximum power has been - 15 TW. Fig. 151 lists the output energy for the 
history of the operation of the system, illustrating that most of the 
experiments have operated in the range of 6-8 KJ. Target designs are 
presently being studied which will require energies of up to 15 KJ at 
-1 ns. 

As previously illustrated in Section II, the Shiva target chamber has 
been fitted with a large number of diagnostic instruments. In Fig. 152 
we show diagnostic instrumentation implemented on the Shiva target 
chamber in 1980. Me continue to implement new diagnostic instrumentation 
which will continue to improve our understanding of the Tasir plasma 
interaction processes and the implosion of the fuel to high densities. 
Fig. 153 shows an early picture of the interior of the Shiva target 
chamber. The target inserter positioner shows a target mounting with the 
surrogate alignment target several cm above the actual target. We also 
see a KB 3x, four-channel n~ruy microscope viewing the target as well as 
several other target diagnostic instruments. 

This system has been extremely successful in providing well 
calibrated, highly realiable target diagnostic information. In Fig. 154 
we illustrate the arrangement of the Shiva beams on a spherical laser 
fusion target. On the left-hand portion of the figure, we illustrate a 
computer assisted alignment tool used by the experimental physicist to 
determine the target illumination conditions. The upper portion of the 
figure illustrates the location and diameter of the beam spots on the 
target hemisphere. The lower portion illustrates a television display of 
the laser intensity distribution incident on the laser implosion target. 

Experiments with 100's of diagnostic instruments involving the 
alignment of twenty laser beams onto the implosion target with accuracies 
of 10 Mm Is not a trivial operation. Fig. 155 shows the sequence of 
operations that are carried out in the performance of a target experiment 
and the collection of the diagnostic information. The abscissa in this 
figure is measured in hours, thus indicating that 2-3 target experiments 
can be performed in a 16-hr day. The amount of data collected on each 
experiment anu the time for the reduction and analysis makes this 
sequence an appropriate time for the utilization of the manpower Involved. 
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As will be discussed further in Section IV, plasma theory indicates 
that there are significant advantages in the target physics in the 
utilization of wavelengths significantly shorter than the 1.06 urn 
wavelength of the Nd:glass laser shown in Fig. 157. As a consequence, we 
and other programs have implemented frequency multiplication crystals in 
our systems to shorten the wavelength of our Nd:g1ass laser target 
irradiation facilities. Fig. 156 illustrates the configuration which we 
are presently utilizing for target experiments with Argus to examine the 
laser plasma interaction phenomena at 5320 A. We have already purchased 
the components and expect to implement in June i960 the capability of 
target irradiation at 3 r a Q of our output 1.06 wit irradiation for the 
Argus Nd:gl3ss laser. The utilization of these two one-beam, 9 cm 
aperture irradiation configurations will provide us information to make a 
decision as to the payoffs available for short wavelength irradiated 
targets. The information from these experiments is extremely critical in 
determining the final configuration of the Nova laser fusion facility. 
It will also determine the final configuration of the full aperture 
implementation of the Argus facility. Two options for this conversion 
are illustrated in Figs. 158 and 159- In Fig. 158 we show an option for 
the full 28 cm aperture conversion of the Argus facility to 2<". , 
5320 A. In Fig. 159 we show a full aperture conversion operation to the 
third harmonic. Both of these options are still being considered, and 
either one or both of these options will be implemented in 1981 and will 
allow us to examine implosion target experiments at these shorter 
wavelengths with an energy of an excess of 1 KO. The outcome of our 
early experiments with a single aperture at 9 cm on Argus and these later 
full aperture experiments will definitely affect the final configuration 
of the Nova system in terms of the target irradiation wavelength. 
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SECTION IV. LASER PLASMA INTERACTION AND ENERGY TRANSPORT 

As soon as the Q switched laser was developed where power levels of 
GW could be focused onto materials producing intensities in excess of 

11 2 
10 W/cra , it was recognized that high temperature plasmas could be 
produced by these very intense electric fields. The Material breakdown 
threshold intensity for ruby and Ndtglass lasers 1s in the range cf 
10 W/cm 2, and for C0 2 lasers, 10' W/cro . Thus, above these 
intensities the material undergoes avalanche ionization producing a 
plasma. The main process of energy absorption in the plasma is by 
inverse bremsstrahlung. This process is simply the inverse of the method 
by which electrons lose energy in a plasma and produce radiation. The 
incoming photon makes a collision with an electron in the presence of an 
ion and is absorbed. In early experiments with Nd-.glass lasers at 11 12 7 intensities of 10 -10 W/cm , most of the absorption was by this 
simple straightforward process. 

However, plasma theorists quickly realized that as intensities 
increased to the range required to produce plasmas of temperatures of 
several kev which is of interest for laser fusion, that thresholds for 
various plasma processes would be exceeded, and these processes would 
have to be considered. In Fig. 160 we show a number of the processes and 
the regions in which they occur. The figure shows a plane expansion of 
plasma material from solid density dawn to critical density, i.e., the 
density where the wavelength of the incident laser can no longer 
propagate, and then the expansion of the plasma down to vacuum. We show 
schematically the incoming laser wave front at an angle with respect to 
the 1-0 plasma distribution. Inverse bremsstrahlung absorption will take 
place over the whole under dense region of the plasma. We also have 
absorption by parametric instabilities, two-stream instability and 
electron plasma resonance whicn occurs when the electric field has a 
component parallel to the direction of the density gradient. Also 
occurring at high intensities are Srillouin scattering, Raman scattering 
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and two-plastnon decay instability absorption of the laser energy. In 
addition, for high enough intensities where the radiation pressure of the 
incident laser light is comparable to the plasma pressure, we will have 
profile modification due to this radiation pressure. 

To design laser fusion Implosion targets, we must understand the 
absorption and scattering processes and know the energy deposition 
distribution and its energy spectrum. We must also, of course, 
understand the processes by which the energy is transported from the 
absorption region below critical density, and how it propagates into the 
higher density plasma to provide the ablation pressure to compress and 
heat our laser fusion fuel. We first discuss absorption and try to 
understand the processes which occur. As already mentioned, the very 
early experiments focused Q switched laser pulses onto materials which 

1? 2 produced intensities on the target — 1 0 W/cro . In this range the 
plasma processes, such as Brillouin, Raman and others, are not excited 
and the energy absorption is by inverse bremsstrahlung. However, when 
lasers such as Janus became available and the focused intensities 
exceeded 10 W/cm and pulse lengths were typically 30-200 psec, 
then as illustrated in Fig. 161 inverse bremsstrahlung could not explain 44 13? the absorption values obtained. ' These experiments ners performed 
with pulse lengths of 100-200 psec, and as shown the intensities were in 13 77 2 the range—10 -10 W/cm. Inverse bremsstrahlung increases with 
the effective Z of the plasma produced, and thus one wou'd expect in 
going from an <Z> =* of 3 for the parylene experiments to <Z> = of 25 for 
the W doped glass experiments, that there would have been significant 
increase in the absorption if inverse bremsstrahlung was the primary 
mechanism. The two shaded curves are simple calculations of the expected 
inverse bremsstrahlung absorption. Ln the low intensity regions, the 
simple model for inverse bremsstrahlung predicts that much more of the 
laser energy would be absorbed, and at the high intensities it predicts 
that the absorption would be significantly smaller than that observed. 
As we will see as we continue to present the body of experimental data 
which has been accumulated over the last five years that essentially all 
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of the mechanisms illustrated in Fig. 160 are operative and that it is 
coincidental that in this figure we obtained essentially invariant 
absorption while changing the Z of the plasma and the Intensity of the 
incident radiation. 

One of the first effects which is important in understanding the 
absorption is to examine the effects of the radiation pressure in 
modifying the free expansion profile of the plasma density distribution. 
It seems clear that if we have the radiation pressure from the incident 
laser comparable to the plasma pressure that we will have a steepening of 

133 the density profile. 
The first direct experimental evidence of this phenomena was obtained 

by examining the polarization state of the light reflected from the 
target. Fig. 162 shows how the polarization state is affected for two 
limiting density distribution examples. In the first case, we show the 
situation in which the incoming laser radiation is incident at an angle 
on the planar plasma distribution, and because of refraction never 
penetrates to the critical density. In this case, the E simply 
propagates with the £. In the opposite limiting case in which the 
profile is infinitely steep or has no thickness, then the incident wave 
reflects from the critical density, and the electric field vector is 
inverted. 

In real target irradiation situations if the light is reflected from 
the critical density, then we have a mixture of the two effects. We can 
calculate the phase retardation of the reflected light for a number of 
different plasma density distribution models. The results of these 
calculations are shown !n Fig. 163a. We model the plasma by a constant 
lower density and a ramp increase of the density to a constant upper 
density value above critical density. Curves for various values of n, 
and n H are shown for various angles of incidence of the laser wave on 
the planar density distribution where the ordinate is the transition 
length from the value of n^ to n H. The experiments were performed on 
glass microshell targets as illustrated in Fig. 163b. The polarimeter 1n 
this case was oriented to look at light reflected from the target at 45° 
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to the incident beam axis. In this case, we are observing light incident 
on the target with an angle of —19° to the local target normal. The 
measured phase difference in the polarization was 1*0" which for 
n, =0.5 n and n„ = 2 n would correspond to a transition 
length of 0-08 ^m. This is far shorter than would have been predicted by 
any simple free expansion of the laser produced plasma, free expansion 
values being in the range of 10-30 wn. The determination of the scale 
height of the plasma distribution near critical density is certainly not 
unique using this method. However, it clearly demonstrates that the 
scale height is significantly shorter than would be predicted by a 
calculation of the free expansion of the plasma. 

Because of the steepening of the density distribution near critical 
density, it is clear that a significant fraction of the incident laser 
energy is reaching the critical density. This raises the possibility 
that a significant fraction of the absorption is occurring by resonance 
absorption. For resonance absorption to occur, the electric field vector 
must have a component parallel to the direction of the density gradient. 
In this situation, the electric field of the incident laser energy can 
resonantly drive electron plasma waves at critical density. 

If resonance absorption is important, then we should be able to see a 
significant difference in the angular dependence of the absorption 
between the two cases of p-polarized and s-polarized incident radiation. 
p-polarization is the case where the electric fi°ld vector and the 
density gradient vector lie in the same plane. To test the effectiveness 
of resonance absorption, we performed a series of experiments on Janus in 
which we utilized an f/10 focusing lens to obtain a nearly parallel beam 
incident on planar plastic disk targets. We varied the angle of 
incidence from 0-55" for both polarization states. In order to obtain 
nearly planar plasma conditions, we utilized a 30 psec irradiation pulse, 
thus the fluid dynamic expansion of the plasma would not play a 
significant role in changing the lateral distribution of the plasma from 
planar to more nearly hemispherical. The data from this series of 
experiments is shown in Fig. 164, The absorption for normal incidence is 
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—30-35%. For the s-polarization experiment* as we increase the angle of 
incidence the absorption decreased monotonically. However, for the 
p-polarization experiments the absorption rose to a maximum of 45* for an 
angle of 20-25°, and then decreased monotonically to values like 10% for 
60° angle of incidence. These data clearly demonstrate the effects of 
resonance absorption. By utilizing the theory of resonance absorption as 
shown in Fig. 165, we are able to calculate the approximate scale height 
of the plasma from the information about the maximum absorption angle. 
In this case, the 20-25° angle of incidence for the absorption maximum 
implies a scale length of 1-2 urn. 

Direct evidence of profile steepening by radiation pressure was 
obtained utilizing the Janus laser system and our short wavelength 

s? 
holographic irterferometry probing capability. Data from a one-sided 
irradiation of a glass microsphere is shown in Fig. 166. The target was 
irradiated with an intensity—3 x 10 W/cm . The target initial 
diameter was 41 jm. The 15 psec, 2660 ft probing pulse produced a ver> 
clear holographic interferogram of the plasma density distribution with a 
spatial resolution of 1 urn. The fringe distribution was scanned along 
the lateral direction as indicated in the interferogram. These 
distributions were then Abel inverted to produce the lateral or 
transverse density distribution shown in the upper right of Fig, 166. A 
larre number of these transverse distributions were reduced allowing us 
to p.fc electron density as a function of the axial distance from the 
initial target wall position. The curve in the lo1.*-' !ght portion of 
Fig. 166 clearly demonstrates the modification of the density profile 
from a free expansion distribution. The scaling in the radiation 
steepened portion of the density distribution has a length of —1.6 wn. 
Subsequent experiments at the Rutherford Laboratory in England have 

13fi confirmed this result and show that the scale length of the 
transition region decreases with increasing laser intensity. 

Plastic disk targets were also irradiated in this sequence. An 
example of data from one of these experiments is shown in Fig. 167. It 
is extremely interesting to note that the shape of the fringe 
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distribution at the center of the target in the region where the laser 
was focused is very flat. The distribution of plasma density from the 
Abel inversion of these interftrograms i'; shown on the right and 
illustrates a hole in the plasma density distribution which has been 
produced by the radiation pressure of the incident beam. Another effect 
which was suspected from the resonance absorption experiments previously 
described was that of a rippling of the critical density surface. This 
effect was postulated because it was suspected from tne results at normal 
incidence that resonance absorption was still playing an important role. 
If the surface of the critical density is arbitrarily rippled, then even 
though the laser direction on the average is at normal incidence, locally 
it can have p-polarization components to the critical density surface, 
thus producing resonance absorption. In Fig. 168 we show one of our 
holographic interferograms of a plastic disk irradiated target which 
clearly demonstrates a nonuniform distribution of the plasma. The 
rippled fringes suggest density Huxuations of 20% amplitude with a scale 
length o* —10 urn. Thus, the rippled critical density could produce 
absorptions of \b%. Normal incidence absorption predicted from computer 
simulations together with this estimated 15% resonance absorption can 
account for the normal measured incidence absorption. The normal 
incidence absorption in the simulations is due to the parametric decay 
instability where the laser photon drive: an electron and ion plasma 
wave. Thus, the absorption for short pulse lengths and high intensities 
at 1 urn appears to be primarily due to resonance absorption and the 
parametric decay instability. 

Fig. 169 summarizes a large amount of absorption data from both Ecole 137 Polytechnique and Liver-more. The lower curve for plastic targets 
irradiated by a Nd:glass laser with pulse lengths of 100 psec is in basic 
agreement with the data from Livermore showing that at intensities 
> 1 0 1 3 wVcn 2 that the absorption is approximately constant at 30%. 
The data here goes to lower Intensities where inverse b«-emsstrahlung 
again becomes important. The data shows that absorptions as high as 70% 

10 9 
can be obtained at intensities of several times 10 w/cm . 
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Although only one data point for CO- irradiated targets is shown 
138 here at an absorption — 30£, data from Los Alamos spanning the 

1? 17 2 intensity range from 1 0 - 1 0 W/cnr indicate that there is no 
change in the absorption as a function of intensity or as a function of 
the Z of the material. Because of the factor of 10 increase in the 
wavelength of the incident radiation, the steepening of the density 
profile occurs at two orders of magnitude lower intensity. Thus, for 
CO, laser irradiated targets of interest to laser fusion, it appears 
that resonance and parametric decay instability absorption will be the 
dominant mechanisms even for relatively long pulse lengths. The data 
shown in this figure for long pulse lengths at 1 yr, show that at 

14 2 intensities below 10 W/cm that inverse bremsstrahlung does become 
important and can significantly increase the absorption. This data has 

139 140 
also been corroborated at NRL and at Livermore. 

The really dramatic data on this figure is that at shorter 
wavelengths. For frequency doubled Nd:glass laser radiation, i.e., 

o 
5320 A, there is a significant increase in the absorption even at 14 ? intensities of mid 10 W/cm . The curve labeled 80 psec shows that 14 2 even at 2 x 10 W/cm absorptions as high as 60-70% are obtained. 
For high Z targets, the Livermore data point shows that this can be 
further increased to as high as 80%. The data at longer pulse lengths, 
2 nsec, further demonstrates that inverse bremsstrahlung plays a more 
important role for longer pulses and shorter wavelengths. There are two 
data points for frequency quadrupled Nd:glass laser irradiated targets. 
these data demonstrating absorptions of yo% at 2 x 10 W/cnS 

These effects are further illustrated in Fig. 170 where we show dai. 
obtained on Shiva with 2 nsec and 1 nsec irradiation as a function of 140 intensity. The importance of this confirming data is that these 
irradiations were done for spot siies typically 0.5 mm in diameter. As 
we shall see shortly, the size of the laser irradiation region can 
introduce two-dimensional effects in the plasma expansion as well as in 
some of the scattering processes. These data indicate that as we go to 
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pulses of the order of a nsec or longer that there is significant plasma 
expansion, thus producing a long density scale length which allows 
efficient inverse bremsstrahlung absorption. 

Fig. 171 further demonstrates that the absorption at intensities for 
laser implosion targets can be efficient if we shorten the wavelength of 
the laser irradiation. * Here we plot the absorption for Au, Be and 
CH targets irradiated at intensities from 3 x 10 to 
7 x 10 W/cm. The high Z Au targets absorbed more efficiently than 
the low Z targets, especially at the higher intensities. However, at 
intensities of several 10 W/cffl which are the intensities which 
will be required for high gain thermonuclear microexplosion targets, we 
can obtain absorptions as high as 80S! for both low and high Z materials. 
In Fig. 172 we show the effect of angle of incidence on the absorption of 
the l a s e r irradiation. The 1 urn data is shown for the red circles. The 
frequency doubled absorptions are shown as the green squares. This data 
is extremely encouraging because ii shows essentially constant absorption 
for the green light experiments out to an incidence angle of 30°. This 
data indicates that we can have a relatively wide variation of angles of 
incidence on the laser irradiated target and still obtain efficient 
absorption by inverse bremsstrahlung for short laser wavelengths. 

A process of significant concern to the absorption of the laser 
radiation is the Brillouin scattering process. Brillouin scattering is 
where a photon scatters off an ion sound wave with a small amount of the 
energy being absorbed by the ions. It is of particular concern because 
the maximum growth rate direction for this process is direct backscatter, 
and it occurs for all densities below critical. Thus, as the laser 
energy is propagating Into the plasma towards the critical density, it 
can be backscattered out of the plasma depositing only a very small 
fraction of Its energy in the plasma because the ion sound frequency is 
so much lower than the radiation frequency. 

One of the first ways in which we observed a definite signature of 
Brillouin scattering in our laser irradiated targets was in the 
observation of the distribution of light scattered by the target. Direct 
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Brillouin backscatter is independent of the polarization state of the 
incident laser beam. However, the growth rate for other angles is 
polarization dependent as shown in Fig. 173 where we show schematically 
the growth rates for p- and s-polarization. It is most dramatically 
different at 90° where there is no growth rate for p-polarization whereas 
the growth rate for s-polarization is 85% of that for direct 
backscatter. Thus, if one were to observe the azimuthal angular 
distribution of the scattered light from the laser irradiated target, one 
would expect to see more light perpendicular to the plane of polarization 
than in the plane of polarization due to the BHllouin side scattering. 
This effect also is dependent on the lateral extent of the plasma since 
one requires a sufficient number of lateral growth lengths to be able to 
observe the side scattering process. In Fig. 174 we show the angular 
distribution referenced to the laser elector field vector for two 
experiments using the Cyclops laser irradiation facility on high Z disk 

14 P targets. The Incident intensity was in the range of mid 10 W/cm . 
As is shown, the scattered light distribution at 26° from the incident 
beam axis approximates a 4:1 ellipse. The only mechanism that we can 
postulate that explains these observations is that of Brillouin side 
scattering. 

Additional observations of this type are shown in Figs. 175, 176 and 
177. In Fig. 175 we show the angular distribution of the scattered light 
for a spherical target irradiated on Argus with a 37 psec pulse. The 
distribution is shown as a function of the polar angle for detectors 
placed in the plane of polarization and an array of detectors placed 
perpendicular to the plane of polarization. Again, the data for the 
perpendicular plane is approximately a factor of four larger than that 
observed in the plane of polarization. The bottom part of the figure 
shows the asymptotic plasma energy distribution also, for detectors in 
the plane and perpendicular to the plane of polarization. The sma71 
difference in these two measured quantities is attributed to resonance 
absorption which will produce an asymmetric absorption of the incident 
laser energy. 
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Fig. 176 also shows polar distributions of the scattered light for 
two different intensities. The distributions are quite similar both 
indicating significant Brillouin side scattering. As mentioned 
previously, the side scattering requires a significant amount of lateral 
extent of plasma for sufficient growth. If we keep the intensity of the 
incident laser the same and significantly decrease the diameter of the 
laser irradiated portion of the target, then we expect to see a decrease 
in the Brillouin side scattering. This effect is clearly demonstrated in 
Fig. 177 where we have two experiments at an intensity of 
3 x 10 W/cnr where we kept the intensity constant and decreased the 
laser energy and the size of the laser spot. The figure on the left 
clearly demonstrates the asymmetry of the scattering due to the Brillouin 
process. The figure on the right shows that the in-plane and 
out-of-plane scattering are almost the same, and thus we have 
significantly reduced the Brillouin side scattering process by reducing 
its lateral growth length. The effect of lateral growth length and pulse 
length on backscatter growth length is illustrated in Fig. 178. The 
experiments for short pulse lengths, 80 psec, and small spot sizes, 30 
and 80 wn, exhibit absorptions expected from resonance and parametric 
decay instability absorption. The long pulse lengths, 200 and 400 psec, 
and large spot sizes, 126 and 175 pm, exhibited significantly reduced 
absorption, 50£ reduction, which we attribute to Brillouin back and side 
scatter. 

Another signature of Brillouin scattering which has been used to 
study this process is that of observing the red shift of the spectrum of 
the scattered light. The light scattered or reflected by the laser 
irradiated target will be modified due to floppier as well as Brillouin 
effects. In most of our experiments we would expect the critical density 
surface and the plasma to be expanding back towards the laser thus 
producing a blue shift of the reflected light. In the Brillouin process, 
since a portion of the incident photon energy is absorbed by ion sound 
waves, we will observe longer wavelengths in the scattered light. The 
problem then is to deconvolve the two processes to determine the 



- 94 -

frequency shift produced by the Hrillouin process. If we can determine 
this shift, it will also provide information about the plasma electro" 
temperature. 

In Fig. 179 we show the spectrui of the back reflected light through 
the focusing lens on an Argus experiment as a function of time along with 
the time history of the laser pulse. The maximum of the red shift of the 
spectrum follows the shape of the laser pulse indicating very fast growth 
rates, and thai: the Srillouin scattering is following the laser 
intensity. Since we would expect some blue shift of the scattered due to 
the Doppler effect, the fact that essentially all of the back reflected 
light is red shifted indicates that the Brillouin process is responsive 
f 0r ir.ost of the backscattered light in this experiment. 

In an attempt to deconvolve the Doppler and Brillouin components, we 
have irradiated targets both at noma] incidence and at 45° angle of 45 142 143 incidence. ' * The spectra ottained in two experiments, one at 
3 )< 1 0 1 4 W/cm 2 and one at 3 x 1 0 1 5 t-/cm , are shown in Fig. 180. 
Ag3in, we observe that the back reflected light is almost totally red 
shifted from its initial wavelength, and thus most of the backscattered 
light is produced by the Brillouin process. If we make the assumption 
th?t the plasma distribution produced in the normal incidence and the 45 
an9le of incidence targets pre the same, then we can use the two spectrai 
shifts to solve for the Brillouin ccnponent and the Doppler component as 
indicated in the following equations: 

Hf (0°) = f B + cos 0° f n Eq. 18 

fif (45°) = f B + cos 45° f n Eq. 19 

Solving these two equations gives a Doppler shift of 17.6 A and a 
Br-niouiri shift of 22 A for the low intensity irradiation and a Doppl£r 

s nfft of 38,6 A and a Brillouin shift of 46 A for the targets irradiated 
at 3 x 1 0 1 5 w/cm z. These two shifts can then be utilized to 
determine the plasma velocity and the plasma electron temperature. The 
dispersion relationship for Brillouii scattering is given by 
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= c sk - k * u Eq. 20 

where k is given by 

/ 

k = n / l - n e 2 n >o Eq. 21 
n c 
cr 

and thus the Doppler shift divided by the initial wavelength is given by 

V ncr c 

fl*D = 2 | 1 - "e U Eq. 22 

Thus, if we make an assumption as to the average density where the 
BrUlouin scattering is occurring, we can determine the plasma expansion 
velocity. The Bri'ilouin shift is given by 

4 X B = 2 
V "cr V Am„c 2 

where Z is the average Z of the plasma, T and T^ are electron and 
ion temperatures respectively, A is the atomic number, m n is the mass 
of a neutron and c is the velocity of light. 

For these two experiments where the target material is Au, LASNEX 
calculations indicate that the average Z's were 51 and 58. If we then 
assume that the scattering occurs at one-third critical density, the 
plasma temperatures and velocities obtained are 5 keV and 
5 x 10 7 cm/sec for 3 x 1 0 1 4 W/cm 2 and 20 keV and il x 10 7 cm 2 

IS ? for the 3 x 10 W/cirr experiment. 
Me have also made these measurements on our experiments where the 

o 141 targets were irradiated with the 5320 A beam from Argus. These data 
are shown in Fig. 181. Again, the data for the Au disks indicates that 
most of tre back reflected light is being produced by the Brillouin 
scattering process. If we analyze the data for the 0°and 45° cases, then 
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we obtain AXfl * 7.9 A and flAp = -5.5 A. This data then Implies an 
expansion velocity of 1.8 x 10 cm/sec and a plasma temperature of 
2.8 keV or a plasma expansion Mach number of 0.69. In evaluating these 
values, we assumed that the scattering occurred at 0.25 n c p and that 
the average Z of the plasma was 50. In the low Z parylene disk 
experiments we see much more shift of the incident beam to the blue. • 
This indicates a much higher plasma expansion velocity. 

A method of attempting to determine the fraction of the light which 
is Brillouin scattered is to examine the spatial distribution of the 
scattered light from a target irradiated at 45" angle of Incidence. This 
data is shown in Fig. 182. For an Argus experiment with a Au disk 
irradiated at 3 x 10 W/cm , 28X of the incident energy was absorbed 
by the target. The light back reflected through the f/2.7 focusing lens 
was 47.7 J which was 10.5% of the incident energy. Because of side 
scattering and refraction, all of the Brillouin scattered light will not 
be refracted back through the focusing lens. However, by plotting the 
entire spatial distribution we can determine the spectral reflection by 
the target, and thus account for the remainder of the backscattered 
light. Doing this analysis then allows us to say that the specular 
reflection was 210 J or 46% of the incident energy, and the Brillouin 
scattered component was 120 J or 26t of the "incident energy. 

Decreasing the laser wavelength should decrease the Brillouin 
scattering effect. The absorption experiments already discussed support 
this reduction of Brillouin scattering. This reduction is also 
demonstrated in Fig. 183 where we plot the energy oackscattered into the 
f/2 focusing lens as a function of the angle incidence. The direct 
backscatter for normal incidence is only 5-6X and decreases as we 
Increase the angle of incidence, until we get to 60° whe^e we see a 
significant increase in the direct backscatter, this effect is probably 
due to a larger extent of plasma being traversed in the energy reaching 
the target, thus producing more growth lengths for Brillouin 
backscattering. Brillouin backscattering can be important 1n reducing 
target absorption, and thus can be detrimental to laser fusion. The 
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backscattering increases with intensity, pulse length and the size of the 
plasma. The most significant method of mitigating against the Brilloufn 
scattering Is the shortening of the incident laser wave length. 

' Another process which can be detrimental to the absorption of the 
laser energy 1s the Raman scattering process which occurs due to the 
scattering of the incident laser photons by electron plasma waves. The 
frequency matching conditions for the Raman process indicate chat the 
maximum wavelength photons observed from this process will be at twice 
the incident laser wavelength. If the scattering occurs at 0.25 n c r 

for the incident laser light, the wavelength of the Raman scattered light 
will be twice the incident User wavelength. Scattering cannot 
occur at higher densities because the plasma frequency is excess of the 
frequency of the Raman scattered light. Thus, scattering will occur at 
densities up to 0.25 n c p . Fig. 184 shows that the maximum growth 
length for Raman scattering occurs for the region of the turning point of 
the refracted incident rays. The wavelength of the scattered light will 
then depend on the density at which it is scattered. Actually the 
maximum wavelength of the scattered radiation is longer than twice the 
incident laser irradiation wavelength. The expression for calculating 
the maximum Raman frequency is given by 

( w - ? ) - • * (§>) 
where u R is the frequency of the Raman light, » 0 is the laser 
frequency, k 1s Soltzmann constant, T is the electron temperature, 
m e is the electron mass and c is the velocity of light. 

In Fig. 1S5 we plot the wavelength of the Raman scattered light as a 
function of the electron density for Nd:g1ass laser irradiation and a 
plasma at T e - 0 and 10 keV. The increase In the maximum wavelength is 
demonstrated for the 10 keV case. The Raman scattering process is 
important from two points of view. First of all, it can cause a 
significant fraction of the incident radiation to be scattered, and thus 
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not be absorbed. Also, the energy absorbed by the plasma in the Raman 
process is in a distribution of very energetic electrons which can cause 
preheating of target structures. In Fig. 186 we plot the wave breaking 
energies as a function of the scattering plasma density and the 
background electron temperature. For temperatures of 10 keV and when the 
scattering occurs near n electrons of — 1 0 0 keV are produced by the 
Raman process. 

In th: Argus experiments we implemented a detector described in 
Section II to observe the Raman scattered light. Fig. 187 shows that 
we are observing the Raman scattering process. Ke plot the spectral 
intensity as a function of the wavelength of the measured scattered 
light. Two things are observed: First, we see the spectrum of the Raman 
scattering, and second we observe that the spectrum extends to 
wavelengths in excess of 2\ . Fig, 188 shows additional data on high Z 
and low Z targets showing that the spectrum extends to beyond 2.3 urn. 
These experiments in the past two figures were obtained at target 
intensities of mid 1 0 - 1 0 w/cm . In Fig. 189 we show that as we 
increase the intensity we get a concomitant increase in the Raman 
scattering. The measured valuta represent only a very small fraction of 
the incident energy, less than 1%. However, this IX produces — 1 0 0 keV 
electrons and for future targets unless we are careful to limit the Raman 
scattering, it could become important for preheat considerations and in 
the energy balance as well. Again, this process is wavelength dependent 
and will decrease as the laser wavelength is decreased. 

The plasma interaction processes, such as resonance absorption, 
parametric decay instability and Raman scattering, produce suprathermal 
electron distributions in the plasma. Inverse bremsstrahlung absorbs the 
laser photons into a thermal distribution whereas these other processes 
produce high energy electrons which for our implosion targets can cause 
detrimental preheat to fuel and pusher materials. Cne of the most 
obvious signatures of the suprathermal electrons is the two-temperature 
x-ray energy distribution. 1 4 5 ftn example of these distributions is 
shown in Fig. 190. Here we plot the x-ray spectrum for a large number of 
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laser implosion experiments on Janus, Cyclops and Argus. The low energy 
portion of the x-ray spectrum reflects the bremsstrahlung emission from 
the thermal portion of the laser implosion target. The high energy 
portion represents bremsstrahlung from suprathermal electrons produced in 
the laser plasma interaction processes. The main variable in these 
experiments is the intensity of the beam on the glass microshell 
targets. The "harder" spectra are those due to higher intensity 
irradiations. Thus, we see that the suprathermal energy distribution is 
a function of laser intensity. 

The intensity effect is also demonstrated in Fig. 191 where we show 
the temporal development of the continuum x-ray emission for a Au disk 
irradiated target. " The laser intensity in this experiment was 3 c o 
— 1 0 W/cm . Very early in time in the 200 psec pulse when the 
intensity is very low* only a thermal distribution is observed. 180 psec 
before the peak of the pulse, we see a two-component distribution being 
produced. The hardness or the temperature of the suprathermal tail then 
rapidly increases to the time of the peak of the pulse where its 
equivalent temperature is 9 keV. It then rapidly decreases after the 
peak of the laser pulse. In Fig, 192 we show the temporal development of 
botn the supratherma) temperature and the thermal temperature of the 
plasma. The variation with laser intensity is not symmetrical for the 
front and back portions of the pulse. The asymmetry could be due to 
increasing 8rillouin scattering during the laser pulse. In Fig. 193 we 
show x-ray spectra for targets with different materials. The higher Z 
materials produce more bremsstrahlung emission from the suprathermal 
electrons as would be expected, but we do not observe any significant 
change in the effective temperature of the spectra. In Fig. 194 we 
show a compilation of data from many sources over intensities ranging 
from 1 0 1 3 W/cm 2 up to 1 0 1 7 W/cm 2 and laser wavelengths of 2600 A, 
5300 A, 1.06 urn, 1.3 urn and 10.6 urn. Although there is a fairly large 
bandwidth of data, it definitely shows that there is a correlation with 
the intensity and the laser wavelengths in the form, I.A 2_44,132,148 
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This type of data clearly indicates that laser fusion implosions will 
be more successful at intensities below 1 0 " W/cm for 1 um target 
irradiations, but we will be able to keep the suprathermal temperature at 
acceptable levels for higher intensities if we shorten the laser 
wavelength from the 1 um Nd:glass laser wavelength by a factor of 2-4. 

141 
Experiments are now going on at several laboratories, i.e., U L , 
Ecole Polytechnique, 1 3 7 , 1 4 8 KMS Fusion 1 4 9 and the University of 
Rochester, with frequency multiples of the 1 vm Ndrglass laser. 
Thus, the data base on plasma physics effects for wavelengths shorter 
than 1 vim are now rapidly being obtained. Figure 194 also illustrates 
the significant concern associated with using the CO, laser at 10.6 »m 15 2 2 for laser fusion. If I x L ^ of 10 W/cm wi are required to 
obtain sufficient thermal temperature to drive the capsule implosion, 
then suprathermal temperatures in excess of 20 keV* will be produced for 
the C0 2 laser implosion targets. The high suprathermal temperatures 
will produce significant preheat in the fuel and the inner pusher 
materials in advance of the ablation driven compression waves, thus 
lowering the final densities achievable for a given energy input. 

It has generally been assumed for laser irradiated targets that the 
suprathermal electron distribution would be Isotropic in space, and thus 
one could measure the energy and spectrum in any location which is not 
affected by target self-absorption. However, as shown In Fig, 195, the 
distribution of suprathermal x-rays is not isotropic in 
space. » 8 ' Here we show the polar distribution of the x-ray 
energy above 50 keV for two targets irradiated with one beam of the Shiva 
laser system. The dip in the distribution at 90° can be partially 
attributed to self-absorption in the 25 vm thick Au disk. However, the 
decrease In energy as one approaches the laser axis cannot be explained 
by this effect. Fig. 196 shows further evidence of this nonisotropic 
distribution in which single beams of Shiva were utilized to Irradiate Au 

IE * 

disk targets at Intensities — 10 ' w/cm . Different beams were used 
with fixed detector locations to see if a polarization effect was 
evident. The data shown in the figure does not demonstrate an effect of 
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the beam polarization. Three of the shots utilized opposing beams, i.e., 
beams 3 and 13, are along the same line in space, but focus in opposite 
directions. Beam 13 was used for two of the experiments and beam 3 for 
one of the experiments. The shots with beams 13, 11 and 17 are all from 
the upper cluster of Shiva's beams and beam 3 is from the lower cluster. 
There is a front-to-back asymmetry of the angular distribution where 
sensibly more x-rays are observed on the laser irradiated side than on 
the back side. 

Because it Is difficult to locate narrow peaks with a finite number 
of detectors, we did another experiment in which we irradiated a Au disk 
with ten of the beams of Shiva at an average intensity of 
3 x 10 W/cnr and used a Cu filtered film pack to observe the 
spatial distribution of the x-rays above 40 keV. This data is shown in 
Fig, 197. The film plane was oriented normal to the plane of the disk. 
The x-ray film density distribution is shown in the center of the figure, 
and a line distribution through the center of the pattern is shown 
below. The film pack in the experiment was planar so that if we wish to 
obtain the true angular distribution of the x-rays, we must correct for 
the distance of the film from the x-ray source. However even without the 
correction for distance from the source, in the vertical direction we 
again see the peak of x-ray emission on the laser irradiated side and a 
rapid falloff of the distribution towards the laser axis, again 
demonstrating the peak near the surface of the target. The supratheraal 
electron production, Its directionality and its effects on energy 
deposition in fusion capsules continue to be crucial areas of theoretical 
and experimental study. 

Experiments to observe the effects of the suprathermal electrons are 
now becoming possible with many of the new diagnostic techniques 
developed in the last year. Fig. 198 shows that we can image the spatial 
distribution of the suprathermal x-rays produced by the deposition of the 
suprathermal electrons in the target." The beams are incident on the 
glass microshell from the left and right, and show a peak emission where 
the laser energy is deposited into the suprathermal electrons. The upper 
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portion of the figure is the experimental measurement; the lower portion 
of the figure is the LASNEX calculation of the spatial distribution of 
x-rays at 28 keV. 

Another method that we will utilize to examine the spectrum and 
deposition of suprathermal electrons in targets is to observe the K a 

x-ray emission from layered targets. This principle is illustrated 
in Fig. 199. We absorb the laser energy on a high Z layer. The high 
energy electrons then propagate through a low 2 material which absorbs 
electrons below a certain energy. The electrons above that energy then 
Interact with the sample material producing K a x-rays which we will 
observe with crystal spectrometers. These experiments will be useful in 
providing further information on the fraction of the absorbed energy in 
suprathermal electrons and their spectra. 

Another technique for observing the effects of suprathermal electrons 
is the utilization of our low energy Dante spectrometers and our optical 
pyrometers. A series of experiments were performed on Au disk targets of 
varying thicknesses where Dante L and the optical pyrometer observed 
the back surface of the disk material. Data from this series is shown in 
Fig. 200. Zero time in these plots is referenced to the peak of the 
laser pulse. The optical pyrometer signal rises rapidly in advance of 
the peak of the laser pulse producing a 17 eV temperature on the back 
surface due to the suprathermal electron energy deposition in the 2 urn 
sample of Au. For the 14.5 urn sample of Au, we do not observe preheat 
due to the suprathermal electrons, but we do observe the break out of a 
10 eV Shockwave. For the 25 vm Au target we also observe no preheat and 
the optical pyrometer sees a 4.8 eV Shockwave breaking out through the 
surface of the material. The second two experiments produced emissions 
below the sensitivity of Dante L, howver, in the first experiment 
Dante L also observed a signal corresponding to 20 eV temperature on the 
back surface of the thin Au disk. These techniques will be utilized with 
intensities of interest for laser implosion targets and multilayer slabs 
to simulate the multishell structure of our high density implosion 
targets. It is generally thought that we understand fairly well the 
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production of high energy electrons in laser irradiated targets, but tt 
is clear there are still some physics to be understood since we cannot 
predict the angular distribution of the suprathermal x-rays. 

We have addressed the Issues of absorption, scattering and high 
energy electron production and its effects on preheating of target 
materials. We now turn to the question of the transport of the thermal 
energy in the laser irradiated target. Electron thermal conduction can 
be very effective in transporting energy because of the high velocity and 
mobility of the heated electrons. The role of thermal conduction 
smoothing of temperature nonuniformities in laser implosion targets is 
extremely important in that it may be impossible to provide the 
uniformity of absorbed energy on a spherical target that is required to 
produce the high density implosions required for high gain 
targets. ' Thus, it is important that we understand the conduction 
processes in our laser irradiated targets. For very high temperatures, 
classical conduction theory overpredicts the thermal transported energy. 
The maximum speed with which energy can be transported is the free 

ICC 
streaming velocity of the electrons, thus in our laser implosion 
experiments and calculations we must allow for this inadequacy of 
classical diffusion theory to properly predict the flow of energy. 
However, another effect has been observed which is called thermal 
conduction inhibition, I.e., in cases where we properly allow for 
the effect of the free streaming limit, we find that the standard 
approach overpredicts the flow of thermal energy in laser irradiated 
targets. This effect has been illustrated in a series of experiments 
conducted with Janus. The results are shown in Fig. 201. Here we plot 
the spatial distribution of thermal x-ray emission in the axial and the 
radial direction as measured with an x-ray microscope. LASNEX 
calculations show that the lateral extent of the x-ray emission is 
greater than measured in the experiments for standard thermal conduction 
models. Thus, this data indicates that some mechanism is restricting the 
lateral flow of the laser energy,157 
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Typical thermal temperatures are shown in Fig. 202 for our laser 
implosion targets. Here we plot the temperature achieved as a function 
of the specific absorbed energy on glass microshell targets. As we see, 
the typical temperatures are in the range of 0.7-1.0 keV. At these 
temperatures we would expect that a spherical target irradiated with 
f/1 focusing lenses in a tangential focusing scheme where the edges of 
the beams are tangent to the surface of a sphere, that we would get 
sufficient thermal conducting smoothing, that the target would be 
spherically heated and implode very nearly with constant velocity. X-ray 
microscope pictures imaging 2.5 kev x-rays from Oanus irradiated targets 
are shown in Fig. 203. The first figure labeled "Simultaneous Beams" 
illustrates that the polar regions of the glass shell are heated and emit 
thermal x-rays, but that the equatorial region is significantly cooler. 
This distribution of temperature on the glass microsphere produces an 
implosion region that is approximately elliptical as illustrated by the 
intense x-ray emission inside the pole caps. At the thermal temperatures 
achieved in these targets, we would also expect that a small delay of the 
energy from one of the beams would not produce a significant offset of 
the implosion because of thermal conduction smoothing. 

The next three figures show x-ray micrographs of targets where we 
successively increased the delay of the right-hand beam such that in the 
final image the right-hand beam did not irradiate the target. Thus, the 
final image shows a one-sided irradiation of the glass microshell. 
Calculations of these experiments using standard thermal conduction 
models do not predict these degrees of asymmetry in the implosion. The 
one-sided irradiation illustrates that energy is transported to the back 
side of the target, and that it does move in but at a significantly 
reduced velocity. The thermal emission from the shell in its initial 
position is sufficiently weak that it is not observed in this image, but 
we do observe a flash of x-rays when the left-hand side of the target 
stagnates against the inward moving right-hand portion of the glass shell. 

Two mechanisms have been suggested for the observed reduction in the 
thermal transport. The first is the production of thermoelectric 
magnetic fields by the density-temperature gradient cross product in the 
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target plasma. The measurements at Livermore and 
Rutherford16 indicate that these fields are only generated'for cases 
in which the -User spot 1s significantly smaller than the lateral 
dimensions of the target, and for intensities in excess of 

if o 
10 W/cm . Large magnetic fields have not been observed on 
spherical targets where the beams covered a significant fraction of the 
shell. The second mechanism that has been proposed is ion 
turbulence. The random density fluctuations can cause increased 
collisions of the electrons, thus reducing the transport of energy by 
these electrons. 

We have a large body of experimental evidence which Indicates that 
some mechanism is inhibiting the transport of the thermal energy, but we 
do not have direct experimental evidence as to the mechanism. Additional 
data supporting the inhibition of thermal conduction is illustrated in 
F1g. 204. Here we show the x-ray spectrum produced by laser irradiation 
of a Au disk target. We also show LASNEX calculations where we have not 
inhibited the electron transport, and also where we have an LTE model in 
the atomic physics. Only the non-LTE inhibited conduction model can 142 reproduce the x-ray spectrum. Early calculations of these high Z 
disk experiments indicated that most of the laser energy would be 
radiated away as low energy x-rays. However, the experiments 
demonstrated much lower absorption and much lower radiation loss than was 
predicted by the LTE calculations. Data in Fig. 205 show that the 
radiation loss ranges from 60% of absorbed energy for Intensities below 
W 1 4 W/cm Z down to 30* for intensities in the mid 1 0 1 5 W/cm 2 

140 
range. These data are also suggestive of inhibited thermal 
transport. If the energy is freely transported in to the high density 
Au, then the Au will be an efficient radiator leaking the energy out of 
the target in the form of x-rays. With inhibited thermal conduction, the 
energy is bottled up 1n the low density corona where it cannot be 
efficiently radiated away. 

Further data illustrating these effects are shown Figs. 206 and 207. 
Me utilized our Dante T spectrometer to measure the spectral emission 
from various Z material disks irradiated on Argus. 1 {^ The spectrum for 
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U and Al is reasonably smooth, however, the spectrum for T1 contains a 
increase in the emission rate in the range of 0.5-0.8 keV. Using an 
inhibited conduction model and non-LTE atomic physics, LASNEX was able to 
reproduce the observed x-ray spectrum. The noninhibited case clearly 
overpredicted the x-ray emission and did not reproduce the spectral 
distribution. Also, from the experimental data one can estimate the 
average Z of the x-ray emitting species to be 16 ± 1. The code 
calculation Indicates that the average Z is 1& _+ 2. 

In this same series of experiments, we observed some very interesting 
temporal distributions of the low energy x-rays. These distributions for 

id ? 
an intensity of 5 x 10 W/cm' are illustrated in Fig. 208. For 
these 1 nsec target irradiations one would expect that the Tow energy 
x-ray emission coming from the thermal portion of the plasma would 
reflect the shape of the input Gaussian laser pulse. For the bottom 
trace from the U target this situation obtains, however, as we decrease 
the Z of the target material we see a consistent change in the temporal 
behavior of the soft x-rays. This is seen most dramatically for the 
Ti target where It appears that the x-ray emission is rising smoothly, 
and then 1s effectively clamped ?nd not allowed to increase further. 
Having observed this dramatic change in the Ti, we can see that the Au 
and the Sn traces are also distorted near the peak with the Sn curve 
being more distorted than that of the Au. The emission from the Be 
target appears to have been significantly changed from a 1 nsec FWHM 
expected from the target irradiation. Fig. 209 shows this effect even 

\A ? 
more dramatically when we go from 5 x 10 W/cnr to 
3.3 x 10 H/cm for a Au target. At the lower intensity there is 
distortion from a smooth emission history near the peak of the pulse, but 
in the higher intensity case we see the x-ray emission starting to rise 
smoothly, but then it is very effectively clamped. 

These effects are very suggestive of the turn on of processes 
inhibiting the flow of the absorbed energy into the dense material, which 
would allow it to efficiently irradiate. One can use the profile in time 
of th? x-ray emission to estimate a threshold intensity for the turn on 
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of this energy transport inhibition process. The intensity 
threshold derived in this manner is illustrated in Fig. 210. Here we 
would say for increasing target Z that we have observed an increase in 
the threshold intensity for thermal conduction inhibition where for Au id ? the threshold is ~ 5 x 10 w/cnr. Another interesting phenomena 
which was observed in these experiments is that once having achieved this 
threshold, which we call the inhibition threshold, the time history of 
the low energy x-ray emission is not a monototic increasing function of 
the laser itenslty. This is illustrated in Fig. 211 where we show the 
520 eV channel of the Dante x-ray spectrometer with a temporal response 
of 140 psec. The signal from the detector and oscilloscope is shown 
on the left. On the right we show a temporal deconvolution of the signal 
where we have unfolded the response function of the detector and 
oscilloscope. Here we see that there are three peaks in the 
temporal emission of the low energy x-rays. This is suggestive of some 
time dependent threshold process where the dynamics of the plasma are 
affecting the threshold causing the emission to vary in time. 

Another means of measuring the transport of the thermal energy into 
the target is to use a laye-ed target structure similar to that discussed 
earlier where we would use the target structure to examine the deposition 
of suprathermal electrons. In this case, we use an Al target coated 
with varying thicknesses of low Z parylene. These targets were 
irradiated at intensities of — 10 1 W/cnr using a 100 psec pulse, 
thus the absorption does not change significantly as we change the 
material. However, as the energy propagates into the Tow Z material and 
reaches the higher Z Al boundary, it will more efficiently radiate 
x-rays. Thus, by examining the x-ray emission as a function of the 
thickness of the plastic overcoat we can determine the penetration depth 
of the thermal wave. Data from this experimental sequence are shown in 
Figs. 212 and 213. In the first of these figures we show the integrated 
x-ray energy divided by the laser incident energy as a function of the 
plastic thickness. The point shown for infinity indicates the x-ray 
emission from a CH target without Al. The target indicating zero CH 
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thickness is pure Al. We see that with 0.25 vm of.CH we have reduced the 
x-ray emission almost to the level for a pure CH target, and that 0.7 vm 
of plastic has reduced the x-ray emission signal to that of a simple 
plastic target. Free streaming of the electron energy would have 
produced a much more significant heating of the 0.25 vm thickness of 
plastic. This same effect is illustrated in Fig. 213 where the x-ray 
line emission from the Al is compared to the laser incident energy. 
Again, there is a very dramatic decrease in the Al x-ray line emission 
with the addition of a 0.25 pin of plastic. These data confirm 
experiments done at NRL showing this same effect. 

Additional experiments using the optical pyrometer and the Tow energy 
Dante spectrometers will be useful in examining the propagation of 
thermal waves and shock waves in multishell slab targets. The plasma 
physics of laser irradiated targets is indeed complicated. The high 
intensity electric fields required to heat the plasmas to temperatures of 
interest for inertial fusion produce a number of undesirable effects 
which complicate the design of laser implosion experiments. Further 
definitive experiments need to be done to further elucidate the details 
of these processes. In addition, we can reduce the nonbremsstrahlung 
absorption and the complications of the plasma physics by utilizing 
lasers with wavelengths significantly shorter than that of the 1 \sa 
Nd:g1ass laser. It is fortunate that die lasers which appear to be 
possible candidates for laser reactor drivers are the Xe CI laser at 
3300 A and the KrF laser at 2500 A. Since most of the deleterious 
plasma processes scale as at least A , we can expect a significant 
reduction in their deleterious affects for these shorter wavelengths. 
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SECTION V. IMPLOSION EXPERIMENTS 

The ultimate goal of our laser fusion program at LLL is to prove the 
scientific feasibility of inertia! confinement fusion for energy 
production. To achieve this goal we must demonstrate sufficient gain 
from laser implosion pellets, so that further extrapolation to gains of 
—100 can be made with a high degree of confidence. Current projections 
of the energy required to drive a gain=100 pellet are 1-2 MJ. It is 
clear that with lasers the size of Janus, Cyclops., Argus and Shiva that 
we fall far short of this energy delivery capability. Although we cannot 
do the ultimate experiments with these smaller facilities, it is 
important to continue to demonstrate progress towards achieving our 
ultimate goal. As discussed in Section I the two requirements for 
successful fusion microexplosions are the attainment of temperatures of 
— 5 keV in the fuel and nr > 10 & sec/cm or translated into density 
radius product, pr>l gnt/cm . To achieve the pr requirement in a 
sufficiently small mass of fuel applicable for reactors, we also must 
achieve final fuel densities in the range of 200-2,000 gm/cm3. 

To demonstrate progress in reaching these conditions it has been 
recognized that the achievement of fusion temperatures produces 
significant output which allows one to make critical diagnostic 
measurements, i.e., the fusion reactions themselves are a measure of the 
success of the experiment, They can also be utilized to determine 
quantities such as the ion temperature, fuel density and pusher areal 
density. Thus, in the planning of our program we designed fusion 
capsules to utilize the energy available from each of the experimental 
facilities to produce a measureable amount of fusion bwn. The class of 
target which meets these requirements and only requires the 0.2-0.4 TW 
power delivery capability of the Janus system is called an exploding 
pusher fusion capsule. » 

As discussed in Section III, in this type of target the laser energy 
is delivered in a very short pulse and the absorbed energy is deposited 
approximately uniformly throughout the pusher causing it to explosively 
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decompress with half of the mass exploding outward and half of the mass 
exploding inward. The inward portion of the exploding pusher provides 
the pressure to compress and heat the fusion fuel. This type of 
implosion experiment cannot be extrapolated to high yields and high 
densities required for the demonstration of scientific feasibility. For 
efficient compression of the fuel to high densities, we must compress the 
fuel nearly isentropically as close to the Fermi degenerate state as 
possible. This type of fuel compression is achieved by controlling the 
rate of energy addition to the target and using target structure to 
control the compression of the fuel. In this section we will first 
discuss our experiments on exploding pusher targets, and secondly we will 
discuss experiments designed to achieve densities approaching lOOOx 
liquid DT density. 

Before examining the experiments of the exploding pusher type it is 
instructive to look at a LASNEX calculation of a typical Argus explodinc 
pusher experiment. The target is an 80 urn diameter glass 
microshell, 0.5 urn wall thickness, filled with 2 mg equimola:" mixture of 
DT, irradiated with 4 TW in a 40 psec FWHM laser pulse focused 
tangentially onto the glass microshell with opposing f/1 lenses. In 
Fig. 214 we show the electron and ion temperature profiles and the 
density profile for t = -48 psec and -44 psec before the peak of the 
laser pulse. Part (a) shows the merged and shock thermal waves ' 
just about to break through the inside of the glass microshell. We see 
that the shell is decompressing behind the shock wave and that the 
electron and ion temperature in the fuel has been generated by the 
supersonic penetration of suprathermal electrons. In the low density 
corona the electron and ion temperatures diverge, the ions being cooled 
by expansion and electron thermal conduction maintaining the high 
temperature of the electrons during expansion. In part (b) of the 
figure, the shock wave has just broken through the inner surface of the 
glass microshell. The electron temperature is ,iow rising due to the 
supersonic penetration of the electron thermal wave. The ion shock is 
still merged with the thermal layer and is now propogating into the fuel 
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raising the ion temperature and the fuel density. In Fig. 215 we see the 
same distributions for 6 psec and 36 psec after the peak of the laser 
pulse. In part (a) the distribution of the electron temperature is 
essentially isothermal and uncoupled from the ion temperature. The ion 
shoe'; is now propagating through the fuel, raising the ion temperature 
and the density. In part (b), again the electron temperature is 
isothermal and decoupled from the ion temperature. The fuel is at its 
peak density. The density distribution shows that there is an increase 
in the density at the fuel pusher interface due to the larger number of 
electrons in the pusher material. The outer portion of the pusher is 
still decompressing, and thus the expansion is lowering the Ion 
temperature in this region of the plasma. The ion temperature achieved 
is 9-10 keV and is well above that of the electrons due to the 
compressive work done on the fuel by the pusher. Peak fuel densities 
achieved are 0.3 gra/cm or 1.5x liquid 0T density. Of course there are 
a wide variation of the physical variables in the parameter space of 
exploding pusher targets; however, the scenario just described is 
representative of an efficient exploding pusher implosion. 

We now examine data from some of our exploding pusher experiments. 
In Fig. 216 we show a time Integrated, spatially integrated x-ray 
spectrum. The low energy emission below 1 keV is due to the radiation 
from the merged shock and thermal waves propagating into the glass 
microshell. The next portion of ihe spectrum includes line emission from 
the glass microshell. This emission is primarily from the region near 
the critical density of the incident laser light. Then the continuum 
spectrum has two components, that from the thermal portion of the plasma 
and the x-rays above — 1 0 keV have a higher characteristic temperature, 
these x-rays being due to the suprathermal electrons produced in the 
laser plasma interaction. Fig. 217 shows the line emission and free 
bound emission from the Si in the glass pusher. The oxygen in the glass 
pusher i s typically completely stripped and unless the specific energy is 
very low, oxygen lines are not observed. Fig. 218 is a summary of the 
large number of experiments from Janus, Cyclops, Argus and Shiva where we 
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plot the yield ratio as a function of the peak power. All of the 
experiments in this summary are of the exploding pusher type. In the 
early years of our program, up through the first year of Argus 
experiments, we had as a primary goal the improvntent of the yield ratio 
of explrding pusher targets. Thus, we achieved nearly the optimum yield 
ratio at each power level indicated by the upper line. The Janus 
experiments with a single beam achieved a yield ratio of 10 which was 
barely enouih neutrons to be observed. Argus exploding pusher 
experiments produced a yield ratio of up to 5 x 10_ 5. In the Shiva 
experiments the exploding pusher targets were not optimized and were used 
primarily to demonstrate the operational capability of the 
system. ' As we will see later, the primary goal of Shiva 
experiments has been to extend the peak fuel densities achieved. 

Even though these experiments achieved low values of the yield ratio, 
they did produce sufficient neutrons and x-ray emission to provide 
interesting diagnostic measurements which could then be compared with the 
LASNEX calculations to normalize the interaction and implosion physics. 
Early utilization of our x-ray streak camera provided time resolved x-ray 
spectral information. 1' 1 7 0 Some of this data is shown in Fig. 219 for 
a Janus experiment. The temporal history shows the glass shell being 
heated by the laser pulse, and then a second emission peak corresponding 
to the stagnation of the pusher material against the fuel. This data 
gives some average measure of the implosion velocity, and also gives a 
measure of the temporal history of the thermal temperature. Early in the 
heating pulse before the pusher explosively decompresses, we obtain a 
temperature of — 0 . 6 keV. Then as the pusher coasts in towards the 
stagnation, there is a decrease in the emission lowering the temperature 
to about G.5 keV. Then at stagnation, the temperature again riscc to 
0.6 keV. 

Further examples of x-ray streak camera data are shown in Fig. 220. 
Here we see that we can easily tell the difference between an experiment 
which produces a large number of neutrons and one in which the neutron 
production is significantly reduced due to a lower power incident on the 
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target. The first two experiments were nearly identical and produced 
very similar x-ray emission time histories. The third experiment had 
only 67X of the Incident power of the other two experiments. The neutron 
production was down by a factor 7-9, and the x-ray emission is 
significant?./ reduced with the time between the two peaks of x-ray 
emission increasing by 40%. 

A key control in performing successful laser implosion experiments is 
to guarantee that there is no significant amount of laser energy arriving 
in advance of the main laser pulse. A large amount of scatter in the 
data from early implosion experiments was due to the lack of this 
control, i.e., prepulses arrived at the target in advance of the main 
pulse with sufficient energy to shatter the glass microschell. The 
effects of this kind of lack of control are illustrated in Fig. 221 in an 
image from the x-ray microscope and the temporal history of the emission 
of the x-rays. In these two experiments the prepulse energy was in 
excess of several mJ producing intensities of > 10 W/cm on the 
glass microshell. This initial pulse then shatters the glass microshell, 
the main pulse comes along and lights up this shattered shell and drives 
some of it inward and outward; however, the integrity of the pusher has 
been lost and fusion compression neutrons are not observed. The time 
history of the x-ray pulse only shows the mixture of glass and DT gas 
being lit up by the laser pulse and does not hsve the characteristic 
signature of a second emission peak due to the stagnation of the pusher 
against the fuel. 

Time integrated high resolution spatial images of the x-rays are very 
useful in examining the uniformity of heating of the glass microshell and 
the implosion symmetry. Fig. 222 shows three target experiments, one 
irradiated on 3amis at — 0 . 4 TV), and two Argus experiments at — 2 TW, 
The target sizes were approximately the same, and thus the increase in 
power represented a fivefold increase in the intensity. The Janus 
experiments, both in the 1.5 and 2.5 keV images, illustrate significant 
polar heating of the glass microshell with a lack of heating of the 
equatorial region. The consequence of this nonuniform heating is an 
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—el 1fpsoidal stagnation region. In the higher intensity Argus 
experiments the heating of the glass microshell is much more spherically 
uniform with the consequence of a more nearly spherical stagnation region. 

We were alco able to utilize our x-ray streak camera with spatial 17? resolution. In the next two figures, Fig, 223 and 224, we show 
three types of x-ray data from the targets. In the upper left we sf>ow 
the time integrated spatially and spectrally resolved x-ray microscope 
image. On the i-ight we show the time history of the x-ray emission, and 
in the lower left we show the spatially resolved, time resolved x- r ay 
emission from the glass microshell. The data in Fig. 223 is for a 
relatively massive target with a low absorbed specific energy, in this 
case the absorption of the laser energy in the shell occurred during most 
of the laser pulse before it exploded. During the explosion process the 
cooling of the ions reduced the emission level such that the spatially 
resolved x-ray streak camera did not record the emission. Thus, *n that 
image we on.y see the emission from the pusher late into the laser pulse, 
and then emission at the time of stagnation. 

In Fig. 224 we see data for a much higher specific energy exp^ r i ment, 
and the stagnation of the pusher against the fuel occurred while * n e 

laser energy was still being add;d to the target. In the time and space 
resolved image we are then able :o folio" the peak emission of tn£ pusher 
during its implosion and explosion history. In this case, the tin*e 
resolved x-ray emission only shovs one peak in the x-ray emission because 
of the relative mismatch of the aser pulse with the target dynamics. 

In Tig. t&> we expand! 'tne Vine and space resolvefl image ana nc11* we 
can see that peak implosion velo:ities of 3 x 10 cm/sec are achieved, 

17 2 
The accelerations produced are 3-4 x 10 cm/sec . This data was 
very useful and was compared witi LASNEX 1-D calculations. This 
comparison is shown in Fig. 226. In the experiment we did not have an 
absolute time reference and so tie inaicatlon of the location of the peak 
of the laser pulse is from the USNEX calculations. As we see in the 
figure, at the half intensity point of the laser pulse, i.e., 35 psec 
after the peak, we are approachiig stagnation. This explains why we only 
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see one temporal peak in the x-ray emission. The LASNEX calculation to 
mate*, this experimental data required the use of inhibited transport. 
Data of this type showing the implosion history are extremely useful and 
will hi- utilized more in the future. 

Wi'tn the Argus experiments, we were able to produce sufficient 
neutrons and a. particles so that we could measure the time-of-flight 
history at a distant location. The time-of-flight history provides an 
energy spectrum from which we can calculate the DT ion burn temperature. 
The equation for calculating the energy broadening due to the ion 

173 
temperature is given as: 

*EFWHM - 1 7 7 V T ? 

where both the energy broadening and the ion temperature are measured in 
keV. Thus, the data in Fig. 227 indicate that the 1on temperature is ins measured by the neutron broadening is 5.7 keV. The data from the 
a particles indicates a temperature < 6.7 keV. To extract the 
temperature from the a broadening one must correct for the broadening due 
the passage of the a's through the pusher and the fuel. Typical 
corrections for Argus and Janus exploding pusher targets are ~ 1 keV. 
This data is very useful in determining the burn conditions. It is also 
extremely important in demonstrating that the reactions produced in the 
compressed fuel are thermonuclear. If the reactions had been produced by 
suprathermal ions accelerated by the suprathermal electrons to energies 
of 50-100 keV, the broadening would have been significantly greater 
indicating ion temperatures that would have been inconsistent with the 
fusion yield. The first demonstration of proof of thermonuclear burn was 
done wit'' the Janus system using the « particle energy 
distribution. 0 0 » 1 7 4 Fig. 228 shows how the neutron data is fit to a 
Gaussian curve to determine the FWHM, and thus the ion temperature. 

Because so many high energy ions have been observed in laser fusion 
experiments, there was significant concern that they were contributing to 
the fusion burn, and thus there may have been a fraction of the burn 
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produced by nonthermonuclear reactions. A very sensitive measure of the 
type of burn which 1s produced is the D 3He reaction which produces 
14.7 HeV protons. By measuring both the DD protons and D He protons, 
one obtains a very sensitive temperature measurement. Because of the 
very low value of the Maxwell averaged cross section for the C H e 
reaction, this reaction is much more sensitive to the beam-beam reactions 
than to the D He thermonuclear reaction. Thus again if we measured the 
ratio of these two numbers of reactions, we would obtain a very high 
apparent temperature If a significant number of the reactions were being 
produced by beam-beam or beam-target reactions. In Fig. 229 we show data 
from an Argus experiment which again demonstrates a measured temperature 
of 5.7 keV from the ratio of the DO to the D 3He reaction. 5 0 1 Typical 
exploding pusher targets are glass microshells filled with OT gas. These 
are quite easy to handle since the diffusion of the fuel out through the 
glass microshell has a time constant of the order of months. In the 
D He experiment we had to exercise additional care in the handling of 
the filled targets because of the much higher diffusion rate of the 
He, The time constant for the loss of JHe is of the order of hours, 
thus these targets were stored in a pressurized container containing the 
same pressure of the fuel as the glass microshell to eliminate the loss 
of the He. The pressure vessel was only opened immediately before the 
experiment, thus guaranteeing the initial fill of the fusion fuel. 

Another extremely important measurement in implosion experiments is 
to determine the spatial distribution of the fuel as it is burning. A 
sensitive way of doing this is to image the reaction products from our 
exploding pusher targets. The « particles are not significantly altered 
in energy or trajectory by the dense fuel and pusher. The range of our 
3.5 WeV a particles is — \ $ ~ gm/cm and the area! density of the 

-4 ? pusher material at burn time is typically several times 10 gm/cm . 
He first produced information about the burn location in a glass 

microshell by using pinhole imaging and Fresnel zone plate coded 
imaging 8 9 where we recorded the a particle distribution by using 
celulose nitrate track detectors. The pinhole experiment is illustrated 
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in Fig. 230. Here we show a particle density in the image plane as a 
function of image plane radius. Below that we show the transformed 
object plane radius in urn, thus Indicating that the a particles were 
confined to a region smaller than the 40 m in diameter. Pinhole imaging 
1s very inefficient and because of the small number of recorded events 
did not yield high resolution. Better resolution is obtained using our 
Fresnel zone plates in the coded imaging mode to record the thermonuclear 
burn distribution. Data from an Argus experiment is shown in Fig. 231 
and compared with thermal x-ray image. The x-ray image has a resolution 
of 3 urn, however, it sho»s primarily the dense pusher and does not 
clearly indicate the demarcation between the fuel and the pusher. The 
two a images on the right are from first order and third order 
reconstruction of the coded image. The zone plate used in these 
experiments had a resolution of 10 m in first order and 3 m in third 
order. We can see the increase in the detail available in the higher 
order image. Fig. 232 shows the comparison of the burn region with the 
original diameter of the laser target. This experiment utilized an 86 urn 
diameter glass microshell irradiated with a 50 psec, 2.4 TW laser pulse. 
The initial DT fill was 1.6 mg/cm, and the target produced a neutron 

g 
yield of 3 x 1 0 . By analyzing the a image, we are able to infer a 
volume compression of ao producing a fuel density of 0.13 gm/cm . The 
neutron time of flight distribution indicated a burn temperature of 
5.6 keV. 

Another diagnostic of the state of the imploded target is our 
radiochemistry measurement of the activation of silicon in the glass 
microshell. This diagnostic is most interesting for high density 
Implosions, but 1t was employed on an Argus experiment as a 
demonstration. The data from the radiochemistry activation of the pusher 
is compared with an a, zone plate image in Fig. 233. The third order 
reconstruction of the a image again provides significant detail and 
Indicates a fuel density of 0.1 gm/cm3. The areal density 
measurement1'1 of the exploded pusher yields a value of 
6.9 x 10" 4 gm/cm2. This values compares well with the LASNEX 
calculation that gives the final fuel density of 0.1 gm/cm3. 
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In these exploding pusher experiments where we have measured the 
absorbed energy, we have been able to get a very good correlation with 
LASNEX calculations. However, it is actually possible to provide a 
simpler method of correlating the exploding pusher experiments. In 
Fig. 234 we show a relatively naive attempt where we normalize the 
neutron yield by the (target radius) 1 ( ). 3 and the (wall thickness)^ 
and plot this parameter as a function of the specific absorbed energy. 
Although there is some correlation, it is not a complete answer to the 
scaling of exploding pusher targets. The basic fault of this simple 
correlation is that it utilizes all of the absorbed energy. Clearly if 
the laser pulse is longer than the implosion target, then all of the 
absorbed energy will not be utilized in driving the implosion. Thus, we 
must have some method of determining how much of the energy is useful in 
driving the implosion. 

Fig. 235 illustrates the essential elements of a simple scaling 
model. The neutron yield is given by the first equation in the 
figure and it is proportional to the (initial fill density) , the 
(radius of the target) , the (compression)^, the Maxwell average 
cross section and inversely proportional to the square root of the ion 
temperature. If we can then determine a relationship for the compression 
and the ion temperature then we could calculate the neutron yield. A 
simple proportionality for the compression is obtained by saying that the 
compression should be inversely proportional to the initial fill density 
and proportional to the volume of the initial glass shell divided by the 
volume of the target, thus we get a simple functionality for the 
compression. For the Ion temperature we say that it is proportional to 
the useful fraction of the specific absorbed energy, and thus the problem 
reduces to a determination of the fraction of the absorbed energy which 
is useful in driving the implosion. If the shell explosion occurs early 
in the absorption phase then the energy which drives the remainder of the 
pusher could be considered that produced during the acceleration phase, 
and thus that would be the useful portion of the absorbed laser energy. 
Thus, we divided the absorbed energy into an explosion phase and an 
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acceleration phase. The explosion phase is determined by the time 
required for a shock wave to penetrate the shell, then the acceleration 
phase should count the energy only up to a time representative of the 
peak velocity. A time which correlates well the experimental data is the 
time required for the pusher to traverse 2535 of the initial radius-
Thus, the problem then reduces to carrying out the two integrations to 
determine the useful fraction of the absorbed energy. Then one can 
calculate the neutron yield if one determines the proportionality 
constant either from experiments or LASNEX calculations. Experiments 
indicate that this proportionality constant in the equation for the 
neutron yield is 8.6 x 10 . 

The success of this simple scaling law in correlating «'ir 
experimental data is shown in Fig. 236 where we plot the normalized 
neutron yield as a function of the calculated fuel ion temperature. As 
previously indicated, the ion temperature ".s calculated from the useful 
specific absorbed energy. The calculated ion temperatures have been 
compared with our neutron time of flight measurements and a very good 
correlation is obtained. 

An attempt on Janus was made to utilize Stark broadening of neon in 
the fuel as a density diagnostic. ' To measure the broadening of the 
neon line we would have to produce fuel densities of S-lOx liquid DT 
density, thus we would have to move away from oiir simple exploding pusher 
approach and attempt to tailor the target and laser energy addition to 
achieve this factor of 5-10 increase in the density over our typical 
exploding pushers. We utilized the Janus ellipsoidal mirror illumination 

•JO 

system which produces nearly normal incidence illumination over the 
total surface of the sphere. The targets were typically 43 urn diameter 
with wall thicknesses of a 0.5-1.0 urn filled wVth typically 2 mg/cm 
equamolar mixture of DT. The laser pulse length ranged from 50 psec to 
135 psec. Data from two of these experiments are shown in Fig. 237 and 
238. Typical diagnostic techniques, such as the x-ray microscope images, 
time resolved x-ray streak camera data, did not provide information as to 
the density of the fuel. We were able to obtain measurements of the neon 
H-like a line from several of these experiments. An analysis of the 
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observed line width Is given 1n Table VIII. The observed line width is 
corrected for the instrumental width, the intrinsic width of the line and 
the fine structure. An estimate of the effect of the DT ion temperature 
allows us to correct for the Doppler width. Then the final determination 
of the Stark width produces an estimate of the fuel density. 

In the first experiment analyzed, the Stark width would indicate a 
density ranging between zero and 0.6 gm/cm. Sufficient density was 
not achieved to provide a density measurement by the Stark width. In the 
second experiment the inferred Stark width is 0.3 leading to a 
density range of 0.6-1.3 gin/cm. Because of the marginal nature of 
this approach, it was not pursued further. The measurement of density 
using broadening of lines has been pursued much more extensively at the 
University of Rochester, 7 8 Rutherford Laboratories 9 and Los 
Alamos . In most of those experiments, to obtain sufficient signal 
from the neon lines, the targets were loaded only with neon and at high 
initial densities. The use of other materials in the fuel as diagnostics 
signatures can be useful, however, if the tracer material significantly 
perturbs the target dynamics, then it is no longer a tracer and one must 
examine the usefulness of the diagnostic technique. °* 

Some specific data from Shiva exploding pusher targets are shown in 
the following figures. One of the major changes in the utilization of 
Shiva as compared to Janus, Cyclops and Argus, is that now we have twenty 
as compared to two beams, and thus more flexibility in providing 
different target irradiations. Fig, 239 shows a calculated absorption 
distribution on the glass microshell target as viewed from the center of 
the beam clusters. On Shiva we also have an x-ray microscope centered in 
the upper cluster of the Shiva beams. This microscope provides a polar 
image of the x-rays emitted by laser irradiated targets. The image on 
the right in Fig. 239 then shows the x-ray emission from this view and 
shows the correlation with the calculated absorptions. The side viewing 
x-ray microscope is useful in determining, as in previous systems, the 
implosion symmetry. Fig. 240 shows the calculated spatial distribution 
of the x-rays from an exploding pusher target and compares it with the 
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data from one of the experiments. This illustrates that we i r e able to 
obtain good correlation between the LASNEX simulations of our laser 
irradiated targets. 

On Shiva we implemented the Fresnel zone plate camera in the coded 
imaging mode and recorded simultaneously a and thermal x-ray images. An 
example of this data is shown in Fig. 241. It clearly illustrates the 
problem in determining the fuel volume from time integrated x-ray 
images. We obtain useful information in the vertical direction from the 
x-ray Image, but no information is obtained along the horizontal 
direction. 

Another diagnostic technique which was utilized, first on the 
exploding pusher targets in preparation for our higher density series, 
was that of imaging the spatial distribution of argon emission as a seed 
material in the fuel. Typical Shiva exploding pusher initial fuel 3 densities were in the range of 2-4 mg/cm . To this fusion fuel mixture 
we added 0.1 atm of argon. This amtiunt of argon is not sufficient to 
alter the Implosion and burn dynamics, but does provide penetrating 
He-like and H-like x-rays which we can spatially resolve with nur slitted 
crystal spectrograph discussed in Section II, 

Data shown in Fig. 242 clearly show the potassium lines in the glass 
which extend over the corona and the core region. This emission is 
similar to the Si lines which are emitted before the pusher explodes and 
when the pusher stagnates against the fuel. Also shown are argon lines 
from the He a and H a states. A spatial scan of the extent of these two 
lines indicate a base width of 50 vm for the He Q line and 45 nn for the 
H a line. The difference in the spatial extent of the He-like and H-like 
lines implies either a temperature gradient across the fuel pusher 
interface or more likely the time integration effect due to the 
temperature rising as the stagnation of the pusher and fuel occurs. As 
the pusher and fuel stagnate, the temperature rises rapidly, and one 
would expect that the He-like lines would be excited before the H-like 
lines. Thus, the spatial extent of the He-like lines would be expected 
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to be greater than that of the H-like 7ines. As with almost any of our 
diagnostic techniques, we require the use of two-dimensional code 
calculations to provide accurate interpretation. 

Now as w£ iiave seen, we have obtained a very large amount of 
information frw> exploding pusher targets, W« continue to demonstrate 
that inhibit^ conduction is required in the analysis of the data. We 
have demonsti* a t e d thermonuclear burn using a and neutron energy 
distribution^ a n d w e n a v s further confirmed the thermonuclear nature of 

3 the reaction^ using the D He fusion reaction. These techniques have 
allowed us tC measure the burn temperature of the fuel. We also have 
been able to use seed materials in the fuel as diagnostic indicators of 
S-aeN tenvrXy .• "^ ' m H* ** * '*]1rfe ̂  ^t>VYo* V m Vime 'ir'rsiurj xfr x£mi •pawner 
during its iifplosion, and we have been able to correlate these 
experiments losing a simple scaling model. 

With the Argus capability of 2 KJ in a 1 rsec pulse and Shiva at 
10 KJ in a 1 n s e c pulse, we now have sufficient energy to drive ablative 
driven targets to achieve higher densities. The design problem is to 
minimize the preheat due to the fast electrons and while producing higher 
fuel densiti£s> maintain sufficient fuel temperature to produce 
penetrating x-ray5 a n d sufficient reactions to provide both yield and 
density H-jagrfostics. The achievement of these higher densities also 

1 pQ 1 Ol 

required advances in target fabrication. 1 < : j > l f i f The exploding pusher 
targets were typically available as commercially supplied batches of 
glass microsh e'1 s- The target structure requi-ed to achieve the higher 
de.wivt.vss, «sii nro.tgel.tnn. from. s«nra±b^rraal el^lrao. ijcebeat, cfKosXiiiRd. %k&, 
use of these commercial sources. With Argus ws were successful in 
achieving —JO* liquid DT density. However, tie neutron yield was 
sufficiently marginal that our uncertainty in the density measurement was 
very large, thus we proceeded to the Shiva system and have utilized its 
higher energy delivery capability to produce sjfficient temperature as 
well as density for the diagnostic measurement;. On Shiva we have 
produced fina 1 fue1 densities ranging from 10->00x liquid DT 
density. 4*." 5' 1 8 1 

http://nro.tgel.tnn
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In this next section we will discuss in detail the target which we 
ca71 our lOx target. Fig. 243 compares the Shiva exploding pusher 
experiment with the intermediate or lQx experiment. The lOx experiment 
utilized a glass microshall with an inside diameter of 140 vm, a wall 
thickness of 5 urn and a polymer ablator ranging from 15-50 urn thick. In 
most cases, the poller was CF^ g. However, in some of the later 
experiments, parylene, CH, was utilized. The fill density was increased 
to 10 mg/cm3/. In these lOx experiments we operated Shiva at -~20 TW 
with 200 psec pulse lengths. The ion temperatures achieved ranged from 
0.5-1.0 keV, the achieved densities were in the range of 2-5 cmVcm3, 

7 0, the neutron yields from 10-10 and pusher areal densities of 
-2 2 —10 gm/cm were produced. A major problem in this type of 

experiment is the determination of the fuel density. The pusher and 
ablator are thick to the a particles so they cannot be used to determine 
the spatial extent of the fuel. Also, low energy x-rays do not penetrate 
the pusher material. This is illustrated in Fig. 244 where we plot the 
survival fraction of x-rays as a function of the area! density of the 
SiO,,. For the range of areal densities indicated by the band, lOx, we 
see that we need to utilize x-rays in the range of 3-4 keV. If we were 
to use penetrating x-rays to diagnose 100x targets, then we would need to 
be in the range of 6-8 keV. It is amusing to note that the 2 keV x-rays 
for target temperatures of several hundred eV will penetrate the thick 
glass pusher. The reason for this is shown in Fig. 245 where we plot the 
opacity of glass for an electron temperature of 500 ev. This shows that 
He-like argon line* a"e significantly absorbed whereas the Br L x-rays 
and P He-like resonance line have much lower opacity, and thus could 
escape from the fuel region. However, the background from the pusher 
continuum emission would still be a problem. Thus, images of low energy 
x-rays can provide information about the heating uniformity and the 
general shape of the stagnated pusher, but cannot provide definitive 
information on the fuel density. Examples of this are shown in the 
following figures. * 7 
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In Fig. 246 we show the x-ray microscope image from one of the lOx 
targets showing the preferential heating in the polar regions and the 
elliptical nature of the stagnated pusher emission. Scans of this image 
are shown in Fig. 247 which illustrate the —2-1 aspect ratio of the 
pusher stagnation emission. Greater sphericity of the implosion region 
was obtained by mounting the implosion capsule in a thin plate and then 
utilizing the focusing scheme illustrated in Fig. 248. Again, the low 
energy x-ray microscope imag* provides information about the shape of the 
glass stagnation region, but not on the density of the fuel. Scans of 
this image ara shown in Fig. 249 and show that the FWHM in two orthogonal 
directions is 36 and 37 Mm, respectively. 

Utilizing the zone plate in the coded imaging mode we are able to 
obtain a series of x-ray images with energies above those which can be 
obtained with our present x-ray microscopes. An example of four images 
is shown in Fig. 250. Fig. 250a shows an image at 2.7 keV and compares 
favorably with the x-ray microscope images for this energy range. As we 
go higher in energy, we see different features. In the 6.1 keV image, 
part C, we begin to see structure associated with the pusher fuel 
interface. The scan vertically through the image indicates a dimension 
for the fuel region of — 20 vm. In the 16 keV image we no longer see the 
fuel region since these x-rays are predominantly produced by the 
suprathermal electrons which follow the intensity of the laser pulse. 
Calculations indicate that the stagnation of the pusher occurs more than 
200 psec after the peak of the laser pulse, and thus one would not expect 
significant suprathermal x-ray emission at this time. The suprathermal 
x-ray image is a good indicator of the intensity of the beams incident on 
the target. In Fig. 250 we see that at ~ 1 2 o'clock there is a strong 
concentration of laser energy at the pole of the target. It is this 
concentration of absorption on the shell which produces the stronger 
stagnation emission seen in the 6.1 keV image as one traces that intense 
absorption trajectory down to the pusher stagnation. 

Another example of the strong local heating in the absorption region 
being traced down to the stagnation region is shown in Fig. 251. Here we 
see a bright spot at —2-6 o'clock in the pusher emission. Extending 
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this down to the core illustrates the same bright spot in the pusher 
stagnation. These features are also illustrated by bright spots on the 
lower portion of the pusher at 6 o'clock, and the equivalent bright 
stagnation at 6 o'clock in the core. 

In Fig. 252 we show another example of multi-spectral imaging with a 
zone plate camera for a target which was more uniformly illuminated. 
Fig. 252a shows the isointensity contours o, the 5.9 keV x-ray emission. 
A vertical scan of this image is shown balow. The initial diameter of 
the target glass she'll of 151 um is nearly indicated by the outer 
emission maxima. The separation between the two peaks of emission in the 
two orthogonal directions are 21 and 26 urn. Continuing on to the 6.6 keV 
image, we can again observe localized heating on the pusher which 
translates to localized regions at the stagnation of the pusher against 
the fuel. A line scan of this image also clearly delineates the initial 
151 un shell diameter. The separations between the two pusher stagnation 
peaks in the vertical and horizontal directions are 21 and 25 wn. A 
10.2 keV image is also shown. The scan indicate peaks at —146 urn for 
the initial pusher location. We also show the 16 keV emission from the 
suprathermal x-rays, and a scan of this distribution again indicates a 
separation of the peaks of emission in the initial pusher region of 
146 \,m. Of course this method of imaging does not provide a definitive 
location for the pusher fuel interface, however, the dimensions obtained 
from these images is consistent with a lOx fuel density which would 
produce a fuel diameter of 24 urn. Fig. 252B shows the color 
representations of the 6.5 and 16.5 keV images. 

T o further illuminate this experimental sequence, we show in Fig, 253 
the results of LA5NEX calculations and the experiments on the time 

•tap 

integrated x-ray spectrum produced by the target. Fig. 253 shows 
that the calculations and experiments are in reasonable agreement for the 
suprathermal x-rays produced. We should also note that the suprathermal 
electron source was 35 keV with the fraction of energy absorbed into the 
suprathermal electron distribution of 0.9. Thus, we might expect even 
with the thick ablator and relatively thick pusher that we will have 
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significant penetration by the suprat hernial electrons leading to a 
mixture of ablation and exploding pusher behavior. This is illustrated 
by the radius time history diagram from the LASNEX calculations in 
Fig. 254. Early in the laser pulse, several hundred psec before th<* peak 
of the laser pulse, the calculations show that the teflon material is 
being ablated and that there is a shock wave propagating through the 
glass pusher material. However at 100 psec before the peak of the pulse, 
we see that the material is beginning to decompress and that the shock 
wave has propagated through the pusher material and is now propagating 
through the 0T fuel. From this time on the glass pusher material 
continues to decompress until several hundred psec after the peak of the 
pulse at which point the fuel and the inward motion of the glass pushers 
stagnate and the outward expansion of pusher and fuel material begins. 
Besides the obvious target structure differences from this experiment and 
previous Jar.js, Cyclops, Argus and Shiva exploding pusher experiments, 
there is a significant reduction in the strength of the initial shock 
wave driven into the fuel by the inner boundary motion of the glass 
pusher, and thus the temperature rise produced by the shock wave in the 
fuel is also reduced. Also because of the thicker glass and the plastic 
ablator, there is less suprathermal electron energy deposition producing 
preheat in the glass and the fuel. 

Two of the techniques that we utilize to determine the final fuel 
density depend on the peak neutron emission and peak temperature 
occurring at the same time as the peak density. Calculations for this 
experimental sequence indicate that this condition is not achieved. 
Fig. 255 shows density and temperature profiles for the burn time and the 
stagnation time. The temperature gradient illustrated in the curves on 
the right drain energy from the fuel region as it is stagnating, thus 
lowering its temperature. The density distributions are shown on the 
left indicating that the average density of the fuel during burn is 
0.8 gm/cm whereas the peak average fuel density is 3.5 gm/cm. Of 
course, these calculations do not include the effects of mixing of the 
pusher and fuel due to the Raleigh-Taylor instability or implosion 
asymmetry, and thus the peak average fuel density may be lower than the 

3 calculated 3.5 gm/cm . 
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We have already indicated that x-ray microscope and x-ray zone plate 
images are consistent with our having achieved lOx liquid DT density. 
Our primary density measurement technique utilizes the activation of the 
Si in the pusher material as discussed in Section II. Fig. 256 lists the 
relevant parameters for one of the pusher areal density measurements in 
this sequence. The laser and target conditions were nominal. We 
obtained 770 counts in the radchem detector about background. The number 
of activations produced in the target then was 7960 + 1040. We can then 
calculate the pusher areal density from this activation number giving 
5.9 x 10" 3 + 1.5 x 10"^ gm/cm . Using the simple isothermal, 
isobaric model interpretation of this experiment would indicate a fuel 

•j 
density of 1 gm/cnr or 5x liquid DT density. 

As discussed in Section II, the simple model tends to underestimate 
the fuel density for a number of reasons. Thus, we have utilized LASNEX 
calculations to obtain relationships between the fuel density and the 
effective area! density. From the LASNEX calculations we show two curves 
in Fig. 257, one for the fuel density at mix or burn time and the average 
peak density which occurs after the peak burn time. The range of the 
experimental data is indicated just above the abscissa, and the two 
interpretations of the fuel density are given next to the ordinate. The 
more conservative estimate shows fuel densities of 5-12x liquid DT 
density. The more optimistic would predict 9-23x liquid DT density. As 
i further check on the density, we utilized 0.1 atm of argon tracer gas 
in the fuel on some of the experiments. The imaging spectrograph was 
used to used to provide one dimension of spatial resolution for the argon 
He oi radiation. Data from this type of diagnostic is shown in Fig. 258. 
A CI line from the ablator is clearly evident in this spectrum. The 
argon He M i n e then provides a measure of the spatial extent of the fuel 
region. However, it should be noted that the argon emission was 
extremely weak, and we utilized 20 w slit for the imaging, thus the 
spatial resolution is no better than 20 »m and the data was interpreted 
by fitting it to the transmission of a uniform spherical emission region 
through the 20 uffi slit. 
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A summary of the radiochemistry data and the argon line imaging data 
is shown in Fig. 259 along with the LASNEX interpretation of the 
radiochemistry data. All of this data taken together along with the 
x-ray zone plate Images gives us confidence that these targets have 
achieved lOx liquid OT density. A summary of density achieved as a 
function of neutron yield from the targets is shown in Fig. 260. The 
high neutron yields in the range of 10 -10 were produced by 
exploding pusher targets. Their densities were accurately measured by 
a imaging, and they achieved densities of —liquid DT. The black points 
are the experiments just described. Additional experiments have been 
done with lower neutron yields achieving densities ranging from several 
times liquid OT density up to 200x. 

As indicated earlier, with a small amount of laser energy we are able 
to invest this energy to achieve high fuel temperature, and thus neutron 
yield or high density, and thus much lower neutron yield and lower fuel 
temperatures. Advances in target fabrication and in the performance 
capability of the Shiva laser are expected to allow us to demonstrate 
densities as high as lOODx. 
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SECTION VI - PROJECTIONS OF THE FUTURE 

As we have seen in the previous sections, we have made significant 
progress in the development of diagnostic instruments and techniques 
applied to our laser plasma interaction problems and the implosion and 
burn of DT fuel. We have also done a large number of experiments to 
examine and characterize the interaction and transport physics. We have 
also made significant progress towards the demonstration of scientific 
feasibility. One way of summarizing the achievements of the program are 
to compare it to the magnetic fusion program in terms of achievements of 
quality of confinement, m , and ion temperature. Fig. 261 shows a plot 
of these parameters for magnetic fusion experiments and for the Livermore 
laser fusion experiments. Argus Hyperion experiments achieved 
temperatures comparable to those of theta pinches and magnetic mirrors. 
In any case, both programs have demonstrated temperature in excess of the 
5 keW ignition temperature. Shiva 50x experiments have demonstrated n* — 
5 x 10 cm sec values. The latest high density experiment on 
Shiva, which produced 200x liquid OT density, produced a fuel areal 2 density or - 0.02 gm/cm . Thus, both the magnetic fusion program and 
the inertial fusion program are making significant progress towards the 
demonstration of scientific feasibility. Further advances are expected 
with the Shiva system over the next several years. TFTR at Princeton is 
expected to be operational in the next several years, and promises to 
achieve breakeven. The mirror program at Livermore is also making rapid 
progress with the tandem mirror concept. 

The next significant advances In the inertial fusion program will be 
utilizing the first phase of the Nova target irradiation facility 1 8 3 

illustrated in Fig. 262, This ten-beam version of the Nova facility is 
presently under construction with the laboratory building being 
approximately one-third completed. This system will give us the 
capability of doing target irradiations at energies of > 100 KJ. The 
performance projections for Nova Phase I are shown in Fig. 263. The 
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lower bound on the performance 1s based on currently available 
technology. The upper bound is a projection based on improvements that 
are expected in the damage threshold of anti-reflection costings. The 
damage thresholds required to achieve these levels of performance have 
been demonstrated on a small number of small aperture samples. If we can 
extend this technology to the si^es required for Nova, then we will be 
able to Irradiate targets with as much as 130 KJ. 

The Nova amplifier chain is shown schematically in Fig. 264, The 
first implementation of this system will utilize four 31.5 cm aperture 
amplifier modules and three 46 cm aperture amplifier modules. The dashed 
amplifiers would be added if improvements can be made in the coating 
technology allowing higher fluences on the coated elements. Although 
this system is shown without frequency doubling crystals, it is highly 
probably that Nova will begin operation with frequency doubled output for 
target irradiation at 0.527 PHI. Fig. 265 shows a comparison of the size 
and length of the amplifier chains in Argus, Shiva and Nova. 

Fig. 266 shows the design of the Nova Phase I target chamber. The 
beams are grouped in pentagonal clusters with each beam having an 
opposing beam. Fig. 267 shows the illumination geometry for the case of 
110" cone angle for the axes of the beams. Using f/3 focusing lenses we 
can produce the intensity distribution shown on the right for a spherical 
target. Target experiments with the Nova Phase I system may achieve the 
ignition boundary, i.e., the point at which the fuel area! density is 
sufficient to trap the a particles and cause increased temperature due to 
the fusion burn. At these conditions, we will be producing neutron 
yields in excess of 10 . These neutron yields will make it possible 
for us to image the neutrons from the burning fuel, thus allowing an 

go 
accurate determination of the compression and the burn distribution. 
rhis concept is illustrated in Fig. 268, High magnification, 100-lOOOx, 
is required to provide sufficient spatial resolution in the detector 
plane. Fig. 269 shows the target neutron yield as a function of object 
distance and the resolution which can be obtained. This figure shows 
that if we obtain a neutron yield of 1 0 1 4 that by placing the neutron 
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pinhole at 40 cm from the target, we will be able to achieve a spatial 
resolution of Sum. The full Nova system, which is approved but not yet 
funded, is expected to achieve the scientific breakeven goal. Fig. 270 
shows the implementation of the full twenty-beam Nova system. To achieve 
this implementation, we will remove the Shiva laser and target systems 
and replace them with a more advanced increased aperture Nova beam 
lines. With the Nova system we then expect to be able to demonstrate 
sufficient gain such that we have proven scientific feasibility of 
inertial fusion. In Fig. 271 we show the target gains which can be 
achieved as a function of laser energy. x m 

Presently, we are basing our projections on the conservative band. 
If we are able to make further improvements in the design of targets and 
physics questions are answered in the favorable direction, then it may be 
possible to produce gains required for reactor target at an input energy 
of 1 MJ. However even for the conservative case, gain=100 can be 
achieved at 3 MJ. Fig. 272 shows the type of target which fs presently 
favored for reactor applications. It is a double shell target with two 
fuel regions. It has a low Z ablator, a high 2 polymer shield with the 
main DT fuel in a frozen layer against the outer pusher. The region 
between the inner Au pusher and the fuel is low density DT gas. The 
igniter fuel is contained inside the Au pusher. Significant work is 
already underway in developing the technologies required to produce these 
multilayer structures to the tolerances required for high gain 
thermonuclear microexplosions. Fig. 273 illustrates our favorite 
approach to the reactor issue. This system is called the Hylife reactor 
and utilizes a falling curtain of Li to mitigate against first wall 
damage in .the reactor vessel. ' Finally, vie show conceptually a 
fusion power plant where the laser beams are produced in a separate laser 
equipment building and then are directed to the power reactor vessel. 

The progress that we have made to date in the experimental and and 
theoretical program give us a high degree in confidence in the ultimate 
demonstration of scientific feasibility of inertial confinement fusion 
for energy production. 
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THE FOSSIL FUEL ERA m 
300 

95-00-107B-3704 

5000 

Adapted from "Alternative Technologies 
of Electric Power Generation: Their 
Overall Fuel Cycle and Environmental 
Effects", UC Berkeley and EPRI, Sept. 1977 

Figure 1 



INERTIAL CONFINEMENT FUSION CONCEPT m 

Atmosphere Formation ComprePion Ignition Bum 
User or particla beams Fuel is compressed by With the final drivar puis*, the Thermonuclear 
tipidly heat the surf aca rocket-like blowoff of full cora reaches 1000 - 10.0W times burn spreads 

of the fusion target the surface material. liquid density and ignites «t rapidly through the 
forming a surrounding 100,000,000° C. compressed fuel, yielding 

plasma envelope. many times the driver 
input energy. 

Ficiurs 2 



DIAGNOSTICS REQUIREMENTS m 

10 1 6 cm"3 < n < 10 2 6 cm"3 

1 eV < hv < 500 keV 

1 eV < E < 14 MeV 

1 jum < Ax < 1 cm 

1 psec < At < 20 nsec 

Data obtained on a single shot basis 
Compatible with computer aided data acquisition 

40-01-1176-2348 1/78 

Table 1 



X-RAY DIAGNOSTICS IN THE LASER FUSION PROGRAM L5 
X-ray detectors 

Film: Kodak No screen, 101, RAR 2491 
Windowless x-ray diodes: 50 psec, 10 eV —1.5 keV 
Streak cameras: 15 psec, 100 eV — 50 keV 
Framing cameras: 100 psec, 100 eV — 50 keV 
Reticon arrays: 25 itm, 1.5 keV — 12 keV 
CCD arrays: 25 nm, 1.5 keV — 12 keV 
Fluor/photodiode or photomultiplier: 500 psec, 1 keV — 1 MeV 
MicroChannel plate photomultiplier: 200 psec, 1 keV — 100 keV 
Calorimeters 

X-ray imaging instruments 
Kirkpatric-Baez microscopes: 2 /urn, f/2000, 200 eV - 4 keV 
Wolter microscopes: 2 Mm, f/54, 200 eV - 4 keV 
Fresnel zone plates: 3 nm, f/4,4 keV - 35 keV 
Slitted crystal spectragraph: 10 fzm, 1 keV - 4 keV 

X-ray spectra 
Crystal spectragraphs: 200 eV - 70 keV, E/AE ~ 10 3 

Multi-layer (Barbee) diffractors: 200 eV - 15 keV, E/AE ~ 30 
Grazing incidence grating spectrometer: 200 eV - 1 . 5 keV, E/AE ~ 10 3 

L and K edge filters: 100 eV - 100 keV, E/AE - 5 
Critical angle reflection mirrors: 50 eV — 6 keV 
Filter-fluorescer: 2 keV - 1 0 0 keV. E/AE - 1 0 

20-90-0580-1597 
Table IIA 



OPTICAL DIAGNOSTICS IN THE LASER 
FUSION PROGRAM m 

Optical detectors 
Si PIN diodes: 2 ns, 1 jitm - 1500 A 
S-1 photodiodes: 50 psec, 1 jum - 1500 A 
Streak cameras: 15 psec, 1 nm — 1500 A 
Film: Kodak 1Z. 1 jum- 1500 A 
Reticon arrays: 25 jum, 1 /im — 1500 A 
CCD arrays: 25 ym, 1 jum - 1500 A 
In As arrays: 0.35 /xm, 1-2 jum 
Pyroelectric diode: 100 ps, 1-2 Mm 
Calorimeters 

Optical imaging instruments 
Telescopes: f/1 - f/20 
Holographic interferometry: 1 nm resolution, X _ 2660 A 

Optical spectra 
Grating spectragraphs: X = 2 pirn - 2000 A 
Pyrometer: T r = 0.5 eV - 20 eV 

20-90-0580-1596 

Table IIB 



PARTICLE DIAGNOSTICS AND VOLTAGE RECORDERS IN THE 
LASER FUSION PROGRAM 

Particle detectors 
Fluor/photodiode or photomultiplier: 600 psec 
Nuclear activation: Si, Cu, Pb, Br, Na . . . 
Track formation in plastics 
Differential calorimeters 

Particle imaging 
Fresnel zone plates: Ax = 3 IM\ 
Pinhole camera: Ax = 10 jim 

Particle energy distribution 
Feradpy oupo 
Magnetic ion spectrometers 
Thompson parabola 
Magnetic electron spectrometer 
a and P reaction product ToF spectrometer 
Neutron ToF spectrometer 

Voltage recorders 
Oscilloscope: 4 GH 
Transient digitizer: 4 GH 
Integrators 
Conventional scopes 

20-90-0580-1598 

Table ItC 
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SHIVA TARGET CHAMBER DIAGNOSTIC CONFIGURATION m 
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EQUIVALENT PLANE CAMERA 
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ARGUS INCIDENT BEAM DIAGNOSTICS m 

Galilean 
telescope 

Near field 
camera 

To target 
chamber 

8/76 
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OPTICAL STREAK CAMERA 
Figure 7 



LC-13 LASER CALORIMETER i l 

Computer datt 
•quitition lyttem 

Entry tube 

Thermoelectric 
modules 

Figure 8 



ARGUS BEAM DIAGNOSTIC TELESCOPE m 
Output 
spatial 
filter 

Equivalent 
plane 

Image 
plane 

Lens 
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focus on 
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Target 
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Figure 9 



ARRAY CAMERA - TIME INTEGRATED ENERGY DISTRIBUTIONS .11 
1 Equivalent planes at focus 

1 2 3 4 5 

20-90 0876-1510 

Fioure 10 



Pulse shaper Amplifier chain 

Actively mode-
locked oscillator 

c t O ^ 

Oscillator Stacker output Target plane 

Figure 11 
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ARGUS LASER SYSTEM, NORTH ARM, TYPICAL BEAM 
PERFORMANCE DATA AT 1.5 TW 

•100|im—( 

300 

i . Equivalent plan* streak 
1 7 ° " - l no , i - 6 6 " 
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ARGUS NORTH BEAM - TARGET PLANE ENERGY DISTRIBUTION 
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Figure 11 



Central field stop 

Lateral lield stop 

Magnifying lens 

Reticle 

T V camera-

Imaging lens -
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Field aperture-

Telecen tr ie-
aperture 
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objective 

-Target V. -Vacuum barrier and 
pupil stop 

-He-Nekjaer 
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L Central field lens 
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Optical tube-
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#Ge' 
PHOTOGRAPHS OF THE TaEVISION MONITOR TOR C, TAKEN DURING THE ALIGNMENT OF A TARGET ON ARGUS (A) THE TARGET 
ILLUMINATED BY THE DIFFUSED CW ALIGNMENT BEAM AND IMASED 08 THE TELEVISION CAjCRA, W THE ALIGNMENT BEAR IN 
THE TARGET PLANE IMAGED ON THE SAME TELEVISION CAMERA, AND (C) A SNAPSHOT PHOTOGRAPH OF AN OSCILLATOR PULSE 
SUPERIMPOSED ON THE TARGET. 
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ann* INCIDENT BEAM DIAGNOSTICS PACKAGE 

Rsmovabia mirror -

Mnhola/crotthair-

F O C U M M * 
anargy caterkrtatar 

Total anargy 
ealorimatar 

Faat photodioda 
Targat 

Straak 

kttmt 

Ralay laiia 

^-AttamiatOf wltaal 

TV camara 

Galilaan talaacopa 

O2-J0-MT7-1! 

-Turning mirror 
98V. raflacting 

Fipure 18 



-177-

fleflectedbeam 
diagnostics 

Ihr potHtQtt-wmfllvc artfrior (a lalmt-ttlrrt *Hfr»n fhaltHodt) provide* error flJjtMK for crowd-loop •« lo i r M f I c control. An 
opmno' CM «taliir>iKo«al)> amMor i l f n m i l M»l« »> irlrtlinr. • • appropriate Iwvlurrat txKltlon lo vlra /O'er fir-lkM or 
nctftk* B*«H» writ} lrtf vMkot) c 

Figure 19 



HARDWARE FOR FIBER OPTZC SYST01 FOR MULTIPLE BEAU DIAZ" lOSTICS OF IBD A!1D RBD SIC-NALS 
USIflG A STREAK CAilERA 

Streak camera 
F\b« opfo elites 

RBD 
Relay 

housing 

Figure 20 



SCHEMATIC OF FIBER OPTIC SYSTEM FOR MULTIPLEBEAM DIAGNOSTICS 

Nd filters Linear array of fibers at slit plane 

Fiber relay housing 

Fiber relay housing-

Slit plane 

From other RBD's-

RBD car 3W mm 
-Linear array of fibers at slit plane 
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SUPER LIQUID DENSITY EXPERIMENTS 
JANUS SPHERICAL ILLUMINATION SYSTEM .U 

Incident pulse characteristics 
total energy 20J to 47J 
puise duration (FWHM) 

250 psec to 380 psec 

Target chamber 

Beam $*-%<jmk&>M 

Target holder 

20-90-1176-2538 

Mirror's focusing system 

Ellipsoidal mirrors 

Lens focusing system 

Focusing lenses 
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Figure 22 
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CONSTRUCTION OF THE BOX CALORIMETER 

Thermoelectric modules 
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m Target 

Figure 21 
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POLARIZATION AND ANGULAR DEPENDENCE OF LASER LIGHT 
ABSORPTION - EXPERIMENTAL SET UP _ 

Incident calorimeter Target 

s-polarized 

f/10lens 
i Al heat sink 
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t I uu plate- . 
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SCHEMATIC OF ENERGY BALANCE DIAGNOSTICS - ARGUS 
s— Si PIN diode arrays (2) Plasma and 

L3 
1.06 /jm calorimeters 

Si PIN diode and 1.06 fim c e n t e r o t | a n s 

Laser beam 
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7/77 

Figure 26 



Si PIN PHOTODIODE DETECTOR PACKAGE M 

Band pass 
y | fi'*»r |MD & x-ray 

^ ^ ^ £ ) absorber 
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20100580-1655 Figure 27 



MINIATURE 1.06 Mm CALORIMETER US 
Dummy 
absorber for 
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fluctuation 
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absorber 

Heat sink 
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ELLIPSOMETER DETERMINES THE POLARIZATION ELLIPSE OF THE 
SCATTERED LIGHT _ _ _ 
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ARGUS RAMAN LIGHT COLLECTOR m 
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LIGHT COLLECTOR FOR A SHIVA DOME PORT AT d = 20° .13 
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RAMAN SPECTROGRAPH IS 
E lament spacing-. Q 35 vnro 
Element wfidth: 0.25 mm 
Dispersion at 2.128 Mm: 

0.0611 ^in/element 

Parabolic mirror 

0.25 mm wide slit inserts into 

20-900180 0273 
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fill 
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36 element detector 
array cooled to 77° K 
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300 lines/mm 
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quartz single fiber-optical cable 
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collector at the target chamber 

Finure 33 



UV HOLOGRAPHIC INTERFEROMETER PROBE PULSE OPTICS US 
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UV HOLOGRAPHIC INTERFEROMETER TARGET CHAMBER SETUP u 
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OPTICAL PYROMETER - SIDE VIEW 
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Figure 36 



OPTICAL PYROMETER - PLAN VIEW |jg 
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NOVA BEAM ALIGNMENT CCD IMAGER .13 
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CCD with 
fiber optics 

Figure 3a 



SOFT X-RAY STREAK CAMERA 
WITH CCD DATA COLLECTION SYSTEM L5 
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50 SI signal 

cabte-

Filter housing 

lass assembly 

XRD-31 

Gold plated 
Cathode 

Wire screen 
anode, + 5kV 

A M ^ Parylene (0.08 um) 
\ £ ) V ^ Aluminum (1.95 Mm, I.0.5.3 mm) 

20-5O0679-1876 \ 

Figure 40 



FLAT RESPONSE DETECTOR M 
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SHIVA HENWAY MULTI-CRYSTAL SPECTROGRAPH 
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SHIVA SUB-KILOVOLT SPECTROGRAPH 
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X-RAY CRYSTAL SPECTRAGRAPH WITH l-D 
SPATIAL RESOLUTION 
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HIGH ENERGY X-RAY CRYSTAL SPECTROGRAPH- 50-80 keV l i l 
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Activa 6 - 3 0 keV spectromeiBr 
• Multiple LiF crystals, used in transmission 
• PINdateetorc 

High resolution S-30 kaV spectrograph 
• Concave L i f crystal, used in transmission 
• Xerographic f i lm detector 

F 3 
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CONVEX CRYSTAL DISPERSION GEOMETRY m 
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FLAT CRYSTAL DISPERSION GEOMETRY -U 
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EFFECT OF SOURCE SPATIAL EXTENT ON SPECTRAL RESOLUTION .11 
Film 

tan (2-5+5) - f - r*ccs0 
r • sin 0 - g 

s = r • co$0 + (h - r sin 8) - tan 5 

dfl. dE 
ds | 

and 

dE 
d0 D 

o dE 
-r~ , wheire ~ = - E / t a n 0 B ds d 0 B

 B 

ds 
20-90-1077-2231 

\ d$ dfl / 

Figure 50 



TUNGSTEN/CARBON BARBEE CRYSTAL SPECTROMETER 
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DANTE TEN CHANNEL FILTERED, DIODE SYSTEM FOR ABSOLUTE 
LOW ENERGY X-RAY MEASUREMENTS 
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20 10 1278-M25 

Figure 53 



MEASURED IMPULSE RESPONSE OF XRD-31 DETECTOR SYSTEM 

1.0 

20-01-0480-1190 

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 
Time, ns 
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TYPICAL ALUMINUM X-RAY DIODE SENSITIVITY AT 
LOW ENERGIES 
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FILTERED X-RAY DIODE ENERGY SENSITIVITIES LJ 
> 

o 
8 

h> s -

> 
• M i 

0> c c 
(0 

X 
O 

20 

0 

50-1078-4490 

1.0 2.0 
X-ray energy, keV 
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CHARACTERISTICS OF A FILTERED X-RAY DIODE ARRAY U 
Filter3 

Edge Channel 
Cathode Absorption Thickness, energy. width, 

type edge mg/cm2 keV eV 
1. Al Carbon-Kb 

Oxygen-K 
0.15 0.28 110 

2. Al Vanadium-L 0.33 0.52 125 
3. Al Chromium-L 0.43 0.58 110 
4. Al Iron-L 0.31 (Fe) 

0.06(Fe 2O 3) 
0.71 270 

5. Al Cobalt-L 0.98 0.79 240 
6. Al, Cr Nickel-L 0.62 0.86 160 
7. Cr Copper-L 0.89 0.94 170 
8. Cr, Ni Zinc-L 1.0 1.03 180 
9. Ni Aluminum-K 2.5 1.56 470 

10. Ni Aluminum-K 5.0 1.56 250 

a A 10 /ug/cm2 Parylene filter was also used for each channel 
bFormvar ( C 1 0 H l 6 O 5 ) was used for this filter 

20 50 0580-1654 
Figure 57 



FILTERED-ALUMINIUM XRD CHANNEL RESPONSES FOR 
USE BELOW 600eV 

800 A Al (tenth scale) 

y— 1 /um boron 

0.2 0.3 0.4 

Energy, keV 

0.5 

L3 

0.6 

20-90 1079-5106 

Figure 55 



Figure 59 
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TYPICAL MIRROR "DANTE" CHANNEL 

TYPICAL MIRROR "DANTE" CHANNEL 

Pinned mirror mount 

-Vanadium (0,5 Mm) 

'-Parylane (0.1 ym on nickal mash) 

Figure 61 



FIVE CHANNEL MIRROR DANTE ARRANGEMENT 

-Laser 
! Target 

-Chamber 
Wall 

Momns'j? 

Figure fc2 



MIRROR DANTE CHANNEL RESPONSES -la 
FiltW" Miffltt 

thickness (g" i M***"' ' Angle 

0.4 0.5 0.6 0.7 
Photon energy, keV 

A Formvar ( C 1 0 H, i 0 B ) was used for this filter 
b 1000 A Parylene * ' ' t e r o n 0.86% transmission Mi 

mesh used also ft" e a c h channel 

Carbon 

Beryli'jm 
Carbon 
Carbon 
Carbon 

S.04° 

3.48° 
2.43° 
1.91° 
1.98° 

20-90-0180-0241 5/80 

Figure 63 



50 PICOSECOND X-RAY DETECTOR L5 

Anode by-pass 
capacitors 

300pFea@4kV 
(2) seriesed for 

150pF@8kVin 
6 places radially 

900 pF total 

Anode cone (+ 5 kV) 

Nickel mesh anode 
85% transmission 

(—Anode-cathode gap 
1,2 mm 
Screw-on cathode button. 
Usually aluminum. 
Front surface diamond turned 
Oelrin centering disk 

SO il ZQ coaxial transmission 
line 

Shims, permitting precise 
impedance match 
50 a SMA hermetically 
sealed signal output connector 

20-SCM)4Ba 15S9 

Figure 6* 



X-RAY STREAK CAMERA M 
3 stage - 40 mm 
electrostatic image intensifier 

Streak tube 

X-ray photocathode 
125 M*H X 1 cm slit 

Finure 65 
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CHANNEL RESPONSES FOR SX-2 ON SHIVA U 
1.0 

0.8 -

1 
I 0.6 
:§ 

| 0.4 

I o . 2 

0 0.2 
02-30-0979-2856 

0.6 0.8 
Energy, keV 

Mirror Anglo Filtw 

Carbon 4 CdTljon 230 eV 
Nickel a W>*"dt]iuni 4H>r\ 

wdm «° Chromium 525 t V 
Aluminum 2 Iron 633 eV_ 
Aluminum 2° Cobalt 700 OV 
Gormmium 2° Nickel 766 t V 

Germanium 2 Copper 8198V 

1.0 1.2 
^ 
1.4 



SHIVA SOFT X-RAY STREAK CAMERA DIAGNOSITC SYSTEM 

\ 
- Target 

/-Target 
/ chamber 

X-rays 

1.06 M<n laser Q 
o 

Image 
intensifier 

160 k Bytfi 
image 

memory 

CMOS 
to 

TTL 
converter 

50 V power conditioning bus 

60 kV 
isolator 

Bus 
deskewer LSI-11 Unibus 

Four 60 kV 
isolator 

Bus 
deskewer LSI-11 converter memory 

t • 
' • ' 

11/34 11/70 

02-30-0180-0242 

Bus 
interface 

unit 
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PHYSICS OF A FILTER-FLUORESCER EXPERIMENT 
Fluoreicar (Au) 

Collimator 

Prefiiter (Pb) 
Pottfilttr(Au) 
(rejects higher 
jhell fluomcsnct) 

20-10-0480-1375 
SO 100 

ht> (kaV) 

Figure 70 



X-RAY DIAGNOSTICS FILTER FLUORESCER EXPERIMENT 

Scintillator 

Collimators 

Photomultiplier tube 

Lead shield 

-Tantalum collimator 

- Lead x-ray shield 
Hevimet collimator w 

High energy x-ray detector -
20-50 1177 2884 9/78 
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FILTER-FLUORESCER CHANNEL RESPONSES u 

101 102 

Photon energy, keV 
20 01 -0978 3263 

10 J 

2/79 

Figure 72 



X-RAY SPECTROMETER CHANNELS ^ 
Filtei I f-luorescer. 

Postfilter, Detector, 
Channel fim keV um keV Mm mm 

1 1.5 Zr 2.2 0.75 Al 1.6 _ 0.25IMEHI PM 
2 2.0 Sm 3.9 13 CI 2.8 - 0.25 NEIII PM 
3 13 Fe 7.1 5 Ti 5.0 2.5 Ti 2.5 NEIII PM 
4 20 Zn 9.7 5 Fe 7.1 2.5 Fe 2.5 NEIII PM 
5 50 Se 12.7 8 Zn 9.7 2.5 Zn 2.5 NEIII PM 
S 75 Mo 20.0 8 Y 17.0 5 Y 2.5 NEIII PM 
7 380 Dy 53.8 25 Sm 46.9 25 Sm 1.0 Nal PM 
8 250 W 69.5 50 Yb 61.3 50 Yb 1.0 Nal PM 
9 380 u l i e 50 Pb 88.0 25 Au 3.0 Nal PM 

10 810 Pb Bkgd 50 Pb 25 Au 3.0 Nal PM 

Filter (3). 
Detector Detector 

Filter (1) Filter (2) lim keV mm 

11 Zr Al 75 Mo 20.0 2.5 NEIII PM 
12 Sm a 380 Dy 53.8 1.0 Nal PM 
13 Fe Ti 210 W 69.5 1.0 Nal PM 
14 Zn Fe 380 U 116 3.0 Nal PM 
15 Se Zn 810 Pb Bkgd 3.0 Nal PM 

Filters. g/om2Pb Energy range. keV Detector, mm Csl 

16 0.4 90-300 0.5 
17 1.0 100-400 0.5 
18 2.0 150-500 0.6 
19 4.0 200-600 0.5 
20 12.0 >400 0.5 

20-50-0580-1652 

Table III 



H" ALIGNMENT SCHEME FOR SPACE-TIME X-RAY EMISSION STUDIES 

Target 

100 Mm 

Spatial filter 

He-Ne laser 

Focusing lens 

! ! l l " l Streak camera D 
Vacuum 
chamb,, 

Finure 73 
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SIMPLE 4-CHANNEL X-RAY MICROSCOPE L3 

Singto-
r«1 taction 

4 channel 
x -raY micrograph 

I Later fusion target 

90 50 0877 1847 
Figure 75 



CARBON, QUARTZ, NICKEL AND GOLD X-RAY MICROSCOPE MIRRORS 
PROVIDE X-RAY IMAGING CAPABILITY BETWEEN 0.1 AND 10 keV_ j g 

1.0 F 

0.5 > u c « '3 
£ 
a> 
c 

.2 0 
8 i.o 

JZ 
3 
o o 0.5 

T i ' I r | ' i -| i 
0.75 nickel mirrors-

J _ j . _ L j i i i 

'^\ 

- i—i—i—i—i—r—r— 
0.75°quartz mirrors 

i I i I i I I J 
0.75° gold mirrors 

~1 

-1 L_L -L_l_ 
0 2 4 6 8 10 0 2 4 6 8 10 

20-50-0477-1381 Photon energy, keV 

Figure 76 



MULTICHANNEL X-RAY MICROSCOPE SPECTRAL ENERGY WINDOWS [11 

0.3 
1 1 I 

~ 0.5 keV channel ~ 

0.2 - -

0.1 

n 

2.0°C 
_ . 0.6 urn C _ 

A, . . 

T 
0.8 keV channel 

A 
2.0° SiOz 

0.5 um Ni _ 

J_ l 

—r—i r 
1.5 keV channel ~ 

A 
0.75° Si0 2 

9 fjtm Al . 

J_ 

0.3 

0.2 

0.1 -

I i r 
2.0 keV channel 

0.75° SiG2 

12.7 jum mylar 

/ \ • 

— i 1 r 
3.5 keV channel 

0.75° Ni 
12umTi 

-s£_L 

— I 1 r 
4.5 keV channel 

0.75° Au 
10jumCr 

1 2 3 4 
Photon energy, keV 

20-50-0877-1729 
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CARBON, UUARTZ, NICKEL AND GOLD X-RAY MICROSCOPE MIRRORS 
PROVIDE X-RAY IMAGING CAPABILITY BETWEEN 0.1 AND 10 keV 

r""-r 

o t 

20-E0-0477-1381 

' ' i i — r - i — i — i — 
2.0 carbon mirrors 

- i—r—'—I—'—I—r 
0.75 quartz mirrors-

V > 

I' I i I ' I ' I I . 
0.75 nickel mirrors 

J_ 

T- i i • i i i i i i : 
0.75° gold mirrors' n 

8 10 0 2 
Photon energy, keV 

6 8 10 

Figure 7C 



MULTICHANNEL X-RAY MICROSCOPE SPECTRAL ENERGY WIIMPOWS 

— i 1 r 
0 3 \- 0.5 keV channel " 
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0.2 -
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13 WOLTER TYPE I X-RAY MICROSCOPE SCHEMATIC 

Hyperboloid 
Ellipsoid 

Aperture 
stop 

Object 
(laser fusion target) 

-Baffle 
Image 

Film plane 
X-ray filter 

F2E 

Figure 78 



AXISYMMETRIC X-RAY MICROSCOPE DEVELOPMENT m 

"o 
a 
M 
SI 

= 300 mm 
= 1.0° (nickel, gold) 
= 9X. 22X, 50X 
= 4.2 X 10-" SI 

Theoretical sagittal 
contour hyper-
boloid reflector 

Initial diamond 
turned contour 

" "Corrected" diamond 
turned contour 

a) Hyperboloid/ellipsoid mirrors 

b) Diamond turned contours 
20-50-0977-1930 

9X-2 ^4 pm resolution 

c) Resolution grid 

Figure 79 



COMPARISON OF MEASURED AND THEORETICAL POINT SPREAD 
FUNCTIONS OF AX1SYMMETRIC X-RAY MICROSCOPE 22X1 IR 

Full aperture Partial (1/20) aperture 
1.0 

0.8 

r 
I 0.4 

0.2 -

0 

."•' I ' 1 i | i | i 

o Theoretical response 
to 2 jum pinhole 

— 
_p FWHM - 3.1 Mm _ 

* Theoretical response 

•P to point source 
FWHM - 2.5 nm 

• ~ ~ " 

" fll - Measured response -
"A to 2 >im pinhole 

—~»°1 FWHM - 3.4 fun — •01 . * ifn 
*o mi 
' . o ' ^ u . 

— » ° J I H M ~~ 

, 1 , *iT i I "IW^'I'WI'tfl 

1.0 

0.8 

J= 0.4 

0.2 

J/L 
4 8 12 16 20 -15 -10 - 5 

T 

° Theoretical —~ 
with 2 urn 
pinhole 2.1 pm 
FWHM 
Theoretical — 
without pinhole 
1.6/im FWHM 

— Measured 
with 2 fim 
pinhole 2.1 pm 
FWHM 

JA_ 
5 10 15 

Microns Microns 

20-50-0580-1677 Figure CO 



ZONE PLATE CODED IMAGING (PRINCIPLES): .L3 
Source Code aperture Shadowgraph 

Each zone plate shadow uniquely characterizes the position of its 
associated source point 

First order 
image 

Shadowgram 
Original three dimensional source distribution is reconstructed from 
the shadowgraph 

«/n 
Finure CI 
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Figure 82 



MULTI-SPECTRAL X RAY IMAGSNG OF COMPRESSED 
HIGH DENSITY TARGET (TECHNIQUE) 15 

A Frtsnel Zone Plate Shadow Camera employing 
a multilayer f i l ter - f i lm pack records multiple 
x-ray images, along a single line of sight, in 
separate energy banJs cf a compressed high 
density target. 

High density target 

Multi-layer filler f i lm pack 
40-90-0678 1895 

Zone plats coded aperture 

Finure C3 
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Ligh! 
waves 

10jra 
5th-order reconstruction 

Finure 34 



PARAMETRIC COMPARISON: X RAY MICROSCOPE VERSUS ZONE 
PLATE CAMERA L5 

Parameters X-ray microscope Zone plate camera 

Planar 
resolution limit 

1 /ini 
surface smoothness 

limited 

5.3 nm* 
limited by diffraction 

effects during 
shadowgraph recording 

Solid angle for 
radiation collection 

5 X 10- 4 sr 9 X 1 0 - 1 sr 

Tomographic resolution None 10/urn 

Radiations 
imaged 

X-rays 
X » 2 A 

All radiations 
X < 2.5 A I 

Typical object 
distance 

(30-50) cm (1-2) cm 

•ZPCI planar resolution limit depends on source spectrum. Specifically, S =* 3.3 V \ < s i , 
Xx is the maximum wavelength of interest. The P.R.L. quoted corresponds to S1 = 1 cm, 
Xx = 2.5 A. 

IZPCl spectral range depends on minimum linewidth of coded aperture. Specifically, 
X„ < (Ar| 2/4 S,. The X value quoted corresponds to S, = 1 cm, Ar == 3 urn. 

40-01-0577-1969 

Table IV 



~ 14X ZONE PLATE (TEST) MICROSCOPE: m 
AL KQ r&diation bacMighu a crude zone plate wst 
pattern mask which it imaged uting a 3200 A 
(imviidth zone plate "lew" 

40-90-0779-2200 

Figure 85 



X-RAY BACKLIGHTING ( J 

Requirements Solutions 

Synchronous pulses Synchronous oscillator & regen. 

Powerful backlighting beam 1 of 2 Argus beams 
1 of 20 Shiva beams 

X-ray imaging capability Zone plate imaging; Frc nel 
imaging; Welter microscope 

Recording capability Streak camera; framing camera; 
flash backlighting capability 

Target opacity compatibility CH and Be ablators; Ti line source 

20-50-0879-2488 

T a b l e V 



SCHEMATIC DIAGRAM OF NEW SHIVA OSCILLATORS 

_ A * isolator 

-90° rot. 
Switchout 3 

0210-05BO-1641 

Figure 36 



•248-

+ 120 ps 
Adjustable 

PULSE SYCHRONIZATION CAPABILITY FOR FLASH RADIOGRAPHY CAPABILITY 

Figure 87 



X-RAY PROBING/BACKLIGHTING: lffl 

Target 

§1 
f/300 

zone plate 
focussing lens 

Variable bandwidth 
x-ray mirror 

Laser 

40-90-06791944 

Figure 80 



X-RAY BACKLIGHTING LINE SOURCE DATA |jg 

t 

2.4 
2.0 
1.4 
1.2 
0.8 
0.4 
0.0 

Titanium 
He-like 

K x-rays 

4.0 5.0 6.0 
Energy, keV 

7.0 

Shadowgraph 

Disk (keV) (w/cm2) 
T 

(ps) 
Conversion r? 

(%) 

Ti ~4.8 3 X 10 1 5 600 0.06 

Ni -7.8 3 X 10 1 6 600 0.08 

Zn -9.0 3 X 1016 600 0.02 

20-50-0280-0337 
Figure 89 



X-RAY TRANSMISSION PROFILES: TRADEOFFS IN ABLATOR MATERIALS 
AND X-RAY PROBE ENERGIES \§ 

Instrument dynamic range can be accomcxiated by varying ablator materials and/or 
x-ray probe energies 

Profiles for uncompressed target 

10 1-4 

* 10- 3

 r 1.5 tim 
\ pusher-

J I—L 
u -30jttm 

ablator 

-L 

2keV 
30 fim CH1 s 

1 2keV 
30 jum Be 

•i 2.6 keV 
30 ( jmCH ) 5 

40 80 120 
Radius, nm 

X-ray probing geometry 

X-ray probe beam 

/ ^-Ablator 
*— Si0 2 pusher 

40-90-0179-0063 

Figure 90 



X-RAY PROBING RESULTS: (RECONSTRUCTED IMAGE) 

Double shell 
target 

Washer 
(420 iim I.D.) 

50 f .mCH, j 
coating 

5MTO 
glass shell X-ray backlighting 

image 
(10 fim resolution) 

40-90-0679-1887 
A B 

Radial x-ray transmission profile 

CH, 3 ablator 

Glass shell 
Washer edge 

Finure 91 



SHIVA 
BACK UGHTiNG SYSTEM 

Figure 92 



L3 SHIVA 
BACK LIGHTING SYSTEM 

Axial focus adjustment 

Pointing 
adluttimm 

i -XRMS positioner 

-Filter, concave mirror, & lens shield 
positioning mechaism 

HOASSIFIEI 
Figure 93 



u 
Vlstbt* Iraogn plan« 
A film backhoUtr 

Alignment eamara 

FHm bock holdtr-

SHIVA 
BACK LIGHTING SYSTEM 

Sot\ 
XHay 
Streak 
CamftTa 

UNOASSTCD 
Finure 9<1 



| g ELECTRON SPECTROMETER (90° FOCUSING) 

Top pole face -
- Bottom polo face 

- Typical 
electron 
ath 

20-20-1175-1608 

Incident beam -

a. Magnet b. Associated detector array. 

Figure 95 



MAGNETIC DEFLECTION AND TIME OF FLIGHT SEPARATE IONS OF 
DIFFERENT CHARGE TO MASS RATIO | g 
Within the deflection region, tra
jectories are circles with radius R, 
such that 

„.-. rn 1 , 
BR = - v = - </2mE 

q q 

In the drift region, trajectories are 
straight lines, such that 

= R ~ y R ^ -

or for R > L,D 

L z + 
LD 

v / R ' - L 2 

i;H) 
For R > L,D the time of flight for a 
target to magnet entrance distance d 
is 

t = ( d + L-i-D)/v 
.'-For a narrow slit at x . . . . t~m/q 
20-90-0877-1604 

l:i()urc 96 



THE HIGH RESOLUTION WIDE BAND SPECTROMETER COVERS A 
PROTON ENERGY RANGE FROM 12 keV TO 60 MeV 

For each channel mE/q z = constant 

Fluor-PM detectors 

To target 

12 keVfcJ.60 keV, 

Deflecting 
magnet 
(0.34 T 

Collimator 
section 

Tuneable 1 mm 2 

front aperture 

Baffled 
get lost tube 
for radiation 

20 900877 1603 

Finure 97 



THOMSON 5PECTROMETER 

Source Apertures Deflection 
plates 

900 V 
0 V 

r -3000V / £ 

! | y O V 

\JL 
Output image 

ber optics 

Phosphor coating 

MCP 

Figure 98 



ALPHA PARTICLE T.O.F. SPECTROMETER 

COLLIMATOR TUBE ASSEMBLY 
DEFLECTION MAGNET 

MAGNET POLE PIECE 
GET LOST ASSEMBLY 

(X-RAY * LIGHT TRAJ»>V 

X-RAY DETECTOR, 

SOI2 SIGNAL 
CABLE 

HIGH VOLTAGE 
CABLE 

OSCILLOSCOPE 

finure ^ 
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12.7-mm pyrex glass 

0.25-mmNE 111 

Light-tight 
enclosure 

XP 2041 
photomultiplier 
tube 

3-mm glass 
filter 

Vacuum 
interface 

Transition fixture and 
x-ray absorber holder 

Figure 100 
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ARGUS NEUTRON TIME-OF-FUGHT SPECTROMETER U 
i'2 

mr, • *. A 11V* • jiA.. 
«su»» m kwrt 

Figure 102 



D-T NEUTRON YIELD BY ACTIVATION OF COPPER m 
Activation 

Neutron 
source 

Decay 

6 2 Cu -+ 6 z N i + f ( T 1 / 2 = 9.8 min) 
Disk transport ^ + e - ~» 2 T (0.511 MeV) 

/~\Copper 
I ) d'sk." 

6 3 Cu(n,2n) 5 2 Cu 

Reaction threshold = 10.9 MeV » 
o = 0.5 b 

f f decay (97%) 

( Disk size = 76 mm dia X 9.5 mm 
Source to target distance = 41 cm 
Present detectability =s 10 8 neutrons 

-Nal (TE) crystals 
detect coincident 

annihilation 7 rays 

40-46-0877 1592 

Figure 103 



BLOCK DIAGRAM OF COINCIDENCE SYSTEM 19 
CAMAC 

Pre-
amp 

DDL 
amp — 

Single-
channel 
analyzer 

' 
Scaler —~ Pre-

amp 
DDL 
amp — 

Single-
channel 
analyzer 

Scaler —~ 

PM tube 

Nal(TI) Coinci
dence 
unit 

Scaler — Cu disk 
Coinci
dence 
unit 

Scaler — 
Nal(Tl) r—• 

Coinci
dence 
unit 

Scaler — 

PM tube 
CAMAC 
dataway 
CAMAC 
dataway 

Pre-
amp 

DDL 
amp —-

Single-
channel 
analyzer 

Scaler — Pre-
amp 

DDL 
amp —-

Single-
channel 
analyzer 

Scaler — 

40-01-1077-3271 1 
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LEAD ACTIVATION NEUTRON DETECTOR 12 

Activation Decay 

2 0 B Pb(n ,2n ) 2 0 7 m Pb 2 0 7 m p b ^ 2 0 7 p b + 7 i + ^ ( ^ = 0.8 sec) 
2 0 7Pb(n,n') 2°""Pb 7, = 1.06 MeV 

7 2 = 0.57 MeV 

Lead shell 

• High sensitivity — yields above 10 4 

• Threshold level — neutrons above 1.6 MeV 
• Delayed response (0.8 sec) allows x-ray 

descrimination 

40-46-1278-4456 
Figure 105 
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THE EFFECTIVE pAR OF THE GLASS MICROSPHERE IS DETERMINED 
BY MEANS OF "RADIOCHEMISTRY" j g 

• 1 * * - * 2 , A I + p 

r • " i f -* *•*•"•, 

IpARl puih*r = 47» [No,'•A* rf||uLftUHU 

(Ntutron yWdl 

20-500479-0943 
Fioure 107 



MAXIMUM <p) FUEL VS EFFECTIVE PUSHER (pAr) u 
TOO t-i i i i i i \ 

P 

" p p.s 

Pi 

10 - 9 

i!"s 

0.3 

~i i i i i 

K^S 

- i — i — i i i 111 

P 0(fuel) = 10 mg/cm 3 

Aijj = 5/um 

•f r f+Ar 

A 

& 
J sso2 \ ^ 

r f+Ar 

>• / / / 

\ _ , Range 
1-D simulations 

J i i i 111 j i i i i i 

Exploding pusher scaling 
J i I I M I 

3X10 ' 5 10-" 

20-90-0779-2207 

10- 3 1 0 ' 2 

Si0 2 pusher (pAr) effective - g/cm 2 

10- ' 

5 /80 

Figure 103 



Density Measurements by Neutron Activation 113 

*— Collettor cylinder 
lined with foil 

Figure 109 



SHIVA RADIATION CHEMISTRY 
INSERTION/RETRACTION MECHANISM m 

/ Collector 
rTurning chambery loading port 

Forward bearing 

Idler snrnckot 
r Actua*' n9 rod 

AFT coupler 
**•-**-, SJ G u ' d e rails 

Drive cha in^ "*" " 

Sapping motor 

Transfer time is 17 seconds 

20-10-1079-4397 

L^J 
Trfnsler 

tube 

Figure 110 



Density Measurements by Neutron Activation 

TrauhiTabt 

Figure 111 



Density Measurements by Neutron Activation 
L.J 

A m p l i f i t a t i o n D i s i . , m . n o t i o n 
o-neoVni i onrf Count.nq 

!Q 7(m Thick Wollfd 
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Cd and Cu Shrpti 

?5 Jim • ?S hm 
Nol 1 Well Crystal 
Wilh Sim • 15 3-lim 
N! 102 Snnt.llotoi 

CM Guoid Dririion 
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ACTIVITY SEEN FOLLOWING 
A POLYMER COATED BAUL SHOT - 23 JULY 1979 U 

100 

2 
3 
C 

a. 
v> 
• # • » 

C 
o o 

10 Lgast squares fit 
to points from 
t ^ 0.9 to t = 9 minutes; 
*l/2 = 2.16± 0.16 minutes 

I • I. 
0 

fli-Sfc-VSV*-**^ 

6 8 10 12 14 

fi'iut-.' I I * 



CONICAL BETA DETECTOR 

i J0 

& 

20 10 0580 1754 
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NEUTRON ACTIVATION 
MEASUREMENTS OF PUSHER AND FUEL AREAL DENSITIES IZ 

Si Cu Br 

^SiVrvri^M "•Cu^n^tft* 2^ ^r in .^n l ^Br Reaction of interest 

a(rnb) 250 ± 30 48T ± 20 862 ± 50 Reactipn cross-section 
at 14.1 MeV 

f 0.25 + 0.01 0.0909 0.5034 Fractional abundance of 
reactant atoms 

A(g) 20 ±1 63,546 - Average pusher atomic weight 

*?0 0.35 + 0.02 0.54 it 0.02 0.51 t 0.02 Radiation detection efficiency 

vc 
0.55 + 0.01 0.55 it 0.01 0.55 + 0.01 Debris collection efficiency 

11/2 (min) 2.2 3.7 6.5 Reaction product half-life 

t_,(min) 1.0 1.0 1.0 Typical delay time between 
D laser shot and commencement 

of counting 

tpfmin) 5 13 13 Optimum counting time 

B<«pm) 0.2-0.3 0.5/0.6 0.5-0.6 Typical preshot background ral 

[pAR]Yn 2.0 X 10* 1.5 * 10 4 — Threshold pusher areal density, 
neutron yield product 

tpPlYnPT - -̂ 3.0 X 10 4 Threshold fuel areal density, 
neutron yield, bromine fill 
(in atm) product 

20-15-0280-0344 
Table VI 



POSITRON DETECTION SCHEME m 

Plastic 
(3 detector-

2001 0280-0343 

511T 

0+ 

5117 

•Collector 
foii 

IMal 7 detector 

892-1152 keV 
7 window 

t t 

300-3000 keV 
(3+ window 

07 
coincidence 

scalar 

Figure 116 



THE AMOUNT OF BROMINE TRACER !N A SINGLE MICRO-
BALLOON CAN BE ASSAYED BY NEUTRON ACTIVATION m 

A microbailoon containing an unknown amount of Br and a standard 
consisting of a measured amount of Br are exposed to a flux of 
thermal neutrons. Some of the 8 1 Br (isotypic abundance = 49%) is 
converted to 8 2 m Br by thermal neutron capture. The Br content of 
the microbailoon is then determined by comparing the 776 keV 
82m g r -y-activity of the microbailoon to that of the standard. 

0 - 3 MeV 7-spectrum obtained 
with a Ge (Li) detector. Expanded 
portion shows the 82"»Br 776 keV 
T-ray. Large peaks are due to 2 4 Na 
decay. 

20-15-0580-1606 

f'ioure 117 



RADIO CH£M!STrtY m 

Be ablator 
H«Z polymer 
Plastic foam 
or gas 
Au pusher 
DTgas 
fuel 

Reaction 

G 3Cu(n,2n) 6 2Cu; t „ = 9.78 min. 
1 8 1 Ta(n,2n) 1 8 0 Ta; t^ = 8.12 hr. 

1 9 7 Au(n ,2n ) 1 9 6 Au; t^ = 9.7 hr. 
4 0 Ar{r t .p) 4 0 CI ; tA =* 1.42 min. 

Both target and seed 
material can be used 
for source atoms 

20-50-0679-1372 



PRESENT DENSITY DIAGNOSTIC OPERATING REGIMES U 
<N 

E 

i io- 2 

i 
| 1 0 - 3 

o o 

I 
Q» I 

20-900679-1891 

T T 

Br in fuel 

Si pusher 

•tfro;:?: 

t,jm 
10s 10" 107 

Ar iff fuel 

a imaging 

10' 8 10s 
1 0 i o 1 0 n 

DT neutron yield 

Figure 119 



-IIjT.i'.ili-.SiUI , 

Framed, restored im#gM 

D'Kwcted electron images 

Lens 

actor deflectors 
0.5 psee/fram* 

Figure 120 
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4 GHz CCD TRAMSIENT DIGITIZER m 
CCD target 

p-type islands 

Semi-insulating N 
layer 

Silicon oxide 

40-01-0480-1412 Fioure 121 Time 



-284-

FUSION EXPERIMENTS DATA 
ANALYSIS FACILITY u 

QCTOPORT 
OCTOPUS 



LASER FUSION -

60-90-1279-5190 4/80 
Titiure 121 





DT ADIABATS FOR 10- 100X TARGET DESIGNS m 

JO 

£ 1 0 3 -

a. 

101 102 103 

50 60-1079-4346 
Density, g /cm 3 
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r- DT gas fuel 

Exploding pusher 
(40-400 Mm) 

Be ablator 

HiZ polymer 

Plastic foam 
or gas 

DT gas fuel 

Au pusher 

Figure 126 

100X liquid density 
(200-400/im) 

Frozen DT 
fuel 



DROPLET GENERATOR 
DEFLECTION A R M -

STAINLESS STEEL TUBE -

GUSS HEATING TAPE 
WRAPPED WITH 
AlUMINUM FOIL 

3 ZONE FURNACE 

QUARTZ TUBE 

LIQUID DROPLET 
toKKQWHEW tftHRffitm 

^DRYING A R U 

PRESSURE T R A N S M i * POST 
IKjUID INLET PORT 
TRANSDUCER DRIVE SIGNAL ELECTRON 
PIEjOELFtfRK TRANSDUCERS 
ORlfKE PLATE 

DEFLECTION AREA 

PARTICLE COLLECTOR 
UNCLASSIFIED 

Figure 127 



PI B PLASMA POLYMERIZATION COATING PROCESS u 
USON 

Ml 
<&&%. 

M.5MHZ 
HUKAl RESONATOR 

UUHtM — 

MARTZ REACTOR VESSEl 

RKOU. TUNING 

S & A T M DISH 
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? IONS T O M 
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>AlLOOt3.< 
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RFSHE1D 
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RFCOIl——. 
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VIIRAIOR DISH ( $ $ ! ) - < / " J-' 
UBUIATMGCOATING 

K T VIBRATOR 
TUNED TO 32 KHZ 

Figure 128 



TARGET QUALITY CF2 COATED GLASS SHELL ia 
2 n Glass 22ji CF, 

On a production basis glass shells are coated with the following specifications 

Coating » C F 1 3 Total surface variation • 0.1 — 0.2 n 
Mandrel • 140 n glass shell DT filled Concentricity • 3 — 5% 
Ambient surface • 1 0 0 - 2 0 0 A Thickness • 1 - 3 0 / i 

Finure 129 



PLATINUM COATED MICROSPHERES m 

2 Mm 

10-OS-0380-0977 

Figure 130 



EFFECT OF PREHEAT ON IMPLOSIONS 

Glass 
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preheat 
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80 

60 

40 
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E a. 
<» 
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preheat 

E a. 
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a 
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Low 
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'i 
QC 

20901079-4119 
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Figure 131 



EXPLODING PUSHER IMPLOSION _L3 

Glass -

DT gas 

60 

E 
3. 
I 

-a 
A3 

cc 40 

20 

Driver 
pulse-

Temperatures (eV)— 8(r 

Shock 
in fuel- \ 

20 90 1079-4117 
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Figure 132 
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ABLATIVE IMPLOSION 

Tern peratu res {eV)—0. 

20 90 10/9 4118 

4 6 8 
Time — ns 

Figure 133 
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EFFECTIVE APERTURE SIZE OF LLL GLASS LASERS 

JANUS I I C Y O P S ARGUS SHIVA NOVA beam 
13 > 10 2 Jt (2 • 10 2 Jl 12 '• 10=) ( ICJI (1.5 -A 10*J> 

0.5 ns 0.5 ne I ni 1m 3 ns 

NOVA 
(3 V 1Q5J) 

3 ns 

MEGAjwilt 
(10»J) 
10 TO 

02-90-03&0-0398 
Figure 131 



B disk 
amplifier 

B Farartoy 
rotator 

A Faraday 
rotator 

Dye cell *2 
( T - 0 . 0 2 ) 

Preamplifier chassis'"-
25 mm X 250 mm 

glass rods 

Aoodized' 
aperture f\M 

' 1 Spatial ' • 5 ; " , m

J \ Dye cell ' 1 Spa 
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Figure 135 
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TYPICAL SHIVA BEAM ROUTING L3 

Laser space 
frame 

PFC/RBD x - c . o n 1 

!*^2nd turning 
mirror for 
beam #18 

I 
.^i Beam diagnostic 
^•^turning mirror 

I 

Target space 
frame 

1st turning 
mirror for 
beam #18 

I 
I 

20-01-0977-2092 1/80 
Figure 146 



-309-

'<"". i S-.— 

,/> :-i> 

Figure 147 



SHIVA CONTROL SYSTEM 
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Figure 148 
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SHIVA - TARGET IRRADIATION PERFORMANCE SUMMARY jig 

Shot data thru 12/31/79 
° Before 
A After 

Installation of output 
spatial filters 

Maximum power limit 
for selected experiments 

4.0 Routine power limit -

0.0 
0.0 

02-30-0180 0051 

0.5 1,0 
Pulse length, 10~"9 s 

Figure 150 
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SHIVA - TARGET IRRADIATION PERFORMANCE SUMMARY 

10 

4) 
C 

111 

Maximum energy limit 
for selected experiments 

Routine energy limit 

Shot data thru 12/31/79 

° B e f o r e ( Installation of output 
After ) s P a t i a ' f ' l t e r s 

02-30-0180-0050 

0.5 1.0 
Pulse length, 1 0 - 9 s 

1.5 2.0 

Finure 151 





Fig. 2-57. Diagnostic instrumentation in the Shiva target chamber. 

Ficture 153 



SHIVA TARGET ILLUMINATION - TANGENTIAL FOCUSSING ^ 

Hwikphara itpnMKMd 
by Polar Grid 

Radial m«h M - 10° 
AzimutM mtjli A£ - 20° 

Polar plot of bwm noi Utom Gaomatric 
optica com*' inunactioii with a 19Q (im 
ntfiishamiiphiMi 

Whiw 2X10 1 e W/«m 2 

YBIIOK 1.4 X 10™ W/cm* 
Brawl 9.7 X 10 , s VWem* 
Orange 6.4 Xia w W/t:m* 
Rad 2.8X10'5V»/cm2 

Calculated incident intensity distribution 
using diffraction theory for a 190 am dia 
ball h-radiatad by 4 ki/2O0 psec 

02-30-0180-0256 

Figure 154 



Law ^VgravatNt 

Osci l lator 
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Laser diagnostics 
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Power 
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ir I Spatial-filter I I Shot ( Rod I 
up | pinhole alignment ] 1 setup I shots | 
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preparation 

s Target installation 

Align to 
surrogate [ Target alignment and 

verification 

1 prepulse I I 
System 

Dreparatinn 

Target chamber and diagnostics preparation 

JL Secure sweep 

Capacitor 
bank 

preparation 

1 Capacitor bank 
| preparation 

Trig/spark 
gap 

preparation 

- 5 - 3 

Data record 

Final 
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Control-room 
operation 

CocAins 1 U. 
Start next -

shot sequence 

-Target shot 

/ 
Data distribution 

Data retrieval and 
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2OJ 0 EXPERIMENTS 

f/2.2 lenses 

20-05-0180-0033 

2u: a — Experimental set-up 

Box calorimeter 

Target 

Target chamber 

Near field camera 
Equivalent plane camera 
Calorimeter 
Streak camera 

Incident beam 
diagnostics 

Calorimeter 
Optical spectrometer 
Streak camera 

imaging 

Rejected 1 

Figure 156 



3to 0 EXPERIMENTS 

KDP 
type 1 

doubling crystal 

3cu0 — Experimental set-up 

- Box calorimeter 

- Target 

- Target chamber 

Near field camera 
Equivalent plane camera 
Calorimeter 
Streak camera 

Incident beam 
diagnostics 

- Calorimeter 
-Optical spectrometer 
-Streak camera 
-2-d imaging 

20-05-0180-0033 
Finure I 57 
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ARGUS FULL APERTURE 0.532 urn OPERATION 

North 
Dump •+ 

SHG crystal spatial filter 

\ > A 
THG crystal 

Alignment 
laser S % 

L H 
'Alignment 

laser 
% 

* 

20 cm Second Harmonic Generation 

I 28 cm Third Harmonic Generation 

02 25-0480-1583 

Target 
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ARGUS FULL APERTURES 0.355 jum OPERATION 

North 

SHG crystal S p a t i a S f i l t e r 

N > Alii Alignment 

1 1" 
Alignment 

laser 

THG crystal £=> 

% % — - * 

20 cm Second Harmonic Generation 

28 cm Third Harmonic Generation 

_ . » • _ -

Diagnostics 

- • • 

Target 

02-25-0480-1584 
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ABSORPTION OF 1.06 wn LASER LIGHT IN A PLANAR PLASMA OB-
• Radiation pressure 

t i n " " 1 <•,-•'• 

"«u 

• InvMM 
Bremsitrthluna " 

20-90-W78-1763 

|—Absorption bys 

•Two rtraatn intaMfiy 
• Brillouin scattering 'Electron plasms Wava 

resonance a/77 

Figure 160 



ABSORBED ENERGY FRACTIONS: 1.06 jum LASER PULSES ON 
PARYLENE AND W-GLASS DISKS .L3 

0 

-0.2 

• Parylene, < Z > ~ 3 
Aw-glass, < Z > ~ 2 5 

13 10 

20-9^0877-1787 

10 14 1 Q 1 5 -JQ16 

Incident intensity, W/cm : 

1 0 " 10 1 8 



POLARIZATION STATE OF THE REFLECTED LIGHT FOR A LINEARLY 
POLARIZED WAVE OBLIQUELY INCIDENT UPON A PLASMA SLAB L3 

Geometrical optics limit 
Metal limit — step jump 
to infinite density 

Electric field polarization 
vector e makes a 
constant angle with the 
scattering plane 
20-01-0676-0876 

Tangential electric field 
at the discontinuity 
must be zero 

Figure 162 



DETERMINATION OF THE SCALE HEIGHT BY POLARIMETRY U Degree of linear polarization, p 

-0.98-0.9 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 OB 0.9 0.! 

ARGUS shot #36080406 

6.4J (N»/40.6J (S) incident 3 

84nOD,Q.aMWT,1.9mg/cm DT 
1.3 * 107 neutrons 

p = 0.77 

30 60 90 120 1S0 
Phase retardation h - i\ — h in degrees 

180 

Figure 163A 



MEASUREMENT OF THE SCALE LENGTH BY POLARIMETRY 

100 

89 nm bali diameter 

I- 125 Mm. | 
focal displacement 

48J, 44 psec 
I * 10 1 6 W/cm2 

30° 60° 90° 120° 150° 
Phase difference in degrees 

180° 

2040-0877-1640 
Figure 163B 
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ANGULAR DEPENDENCE OF P AND S POLARIZEO LIGHT ABSORPTION fcj 

o.s 

0.40 

0.30 

0.20 

0.10 -
Open I 

Solid I 

2.5 + 0 .8X10 1 s W/cm 2 

7.0 ± 3.0 X 10 1 B W/cm 2 

I _ _ 

O P—polarized 
Q S-poterized 

20 30 40 

Angie of incidence, 0, degrees 

2000 0877 1619 
Fioure 164 



ANGLE FOR RESONANCE ABSORPTION MAX DETERMINED BY 
SCALE LENGTH m 

For a particular gradient length, E x maximizes at a certain angle 

• Define r = (K c ) 1 / 3 sine 

then 
E (L) = 

evH2jrK L 

{ 2.31 re" 2 ' 3 T * } 

0 ( T ) 

1) -*• 0 for r -̂  0 since angle of incidence too small 
2) -*• 0 for T -*• 00 since tunnelling distance too large 
3) Maximum for r * 0-8 

4? (r) • Fractional absorbed powrar = . 

Maximum atsind = 
0.8 

( K 0 U 1/3 

• Disk data gives 6 = 20° to 25° 
-* L - 1 to 2 /um 

20-90-0577-1356 

Figure 165 



PROFILE STEEPENING DUE TO RADIATION PRESSURE 

(2660 A, 15psec, 1 Mm) 

0.5 . 1.0 

z 1.0; 

21 Mm 
FWHM 

~ 8 um 

1.06 Mm, - 3 X 10 1 4 .W/cm 2 , 41 fxm 

-g 0.3 Kt c - 1 . 6 Mm 

| . L • ^ - 6 Mm _ ' • 

U l 0 G 
Axial distance from initial wall. Mm 
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WAVELENGTH DEPENDENT ABSORPTION m 
100 T—! r—j 

0.53 nm- © O 

c o 

o 
CO 

20 

0.26 jum-
^ 6 0 ps 

0.53 jum-
0.6 ns (Au) 

0.53 /zm 
0.6 ns 

0.9 ns (Au) 

1 j L 
2 X 1 0 1 0 2 X 10 1 1 2 X 10 1 2 2 X 1 0 1 3 2 X 1 0 1 4 2 X 10 1 5 

Peak intensity (W/cm2) 
Figure 169 
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TWO NANOSECOND ABSORPTION MEASUREMENTS .is 

e o 
a 
o 
< 

100 

90 
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~ 1 1 I T 

- 1 
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• 1 - i - r m -M c ' o 
>. 
(0 
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o 
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© • 
A • 

i " i - i I T 1 1 — •• 

Box calorimeter 
Photodiode array 
Plasma calorimetei 

x r i-

• array 

60 - 1-30° tilt & J- Smaller spot 

50 

& 

-

40 

30 -
One nanosecond gold 7" 

disk results for comparison -J To -
20 ^ -

10 

0 - i l l .1-1! ... i _ i. . 1 . 1 ( . . M i l _ . i , _ i . . i . 

3 X 1 0 1 3 10 14 10 15 5 X 10 1 5 

Intensity, W/cm2 

20414380-0958 
Figure 170 



ABSORPTION OF Au, Be, CH; \ = 0.532 jum; r - 600 ps 

100 

80 

c 
B 60 
u 

S. 40 

3 
20 

i M I I | 1 1 1—I M l l | "1 1—I I I I I 

• Be 
O Au 
A CH 

h-A—t 

Au, 1.06 Mm ± 

0 
10 1 3 

20 90-0480-1563 

- l l l i ' • ' _i i i • ' » i ' I i t_ 

10 14 10 15 

Kw/cm' 

Figure 171 



ARGUS 2OJ 0 

Av absorption; t/2 optics; I - 3 X 10 1 4 co/cm2 

100 

j * P 

CO 

CD 

O v> 

< 

60 

40 -

20 -

i i 
D ^ L = 0.532 jum (600 ps) 
0 * L = 1.054 jumOOOps) 

p D D 
" 

6 D 
— O 

• 
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i 1 

02-25-0280-0394 
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Figure 172 



BRILLOUIN SCATTERING IS POLARIZATION DEPENDENT 
GROWTH RATE, y, ~E -E 

Kr — scattered light 

S polarization 

P-polari2ation ho 

4 

.13 

2O-90-O577-1360 m ~ AMU T ~ keV 

Finure 173 



Kg TIME-INTEGRATED AZIMUTHAL DISTRIBUTION OF LIGHT BACK-
SCATTERED AT AN ANGLE OF 26° TO THE INCIDENT BEAM FOR 
LEAD-GLASS TARGETS 

Electric field vector 
Shot 55103102 
43.9 J 

•-&~- Shot 55103101 4 5' 
27 J 

270° 

20-90-1175-1S67 
180° 
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IRRADIATION OF MICROSHELLS WITH f / 1 FOCUSING LENSES 
SHOW A STRONG POLARIZATION DEPENDENCE OF THE SCATTERED 
LIGHT AS WELL AS THE PARTICLE AND X-RAY ENERGIES .19 
Shot #36120702: 

90% 
incident 

energy 

Incident energy 153 J.37 ps 
Neutron yield 2.8 X 10 s 

1 0 1 
Particle and x-ray enerjy IcalorimBtry) 

0° 
J/sr 

Figure 175 



A LARGE AZIMUTH AL ASYMMETRY IN THE SCATTERED LIGHT IS 
OBSERVED AT BOTH INTENSITIES IN THE 1 ns EXPERIMENTS WHEN 
THE ENERGY ON TARGET IS KEPT CONSTANT AT 475 J |B 

3 X 10 1 5 W/cm2 3 X 10 1 4 W/cm2 

0° 40° 80° 120° 160° 0° 40° 80° 120° 160° 
Polar angle theta in degrees 

20-20-0878-2722 

Figure 176 



AT 3 X 10 1 4 W/cm2 AND 1000 psec, THE AZIMUTHAL ASYMMETRY IS 
DRASTICALLY REDUCED WHEN THE SPOT SIZE IS REDUCED US 

0° 40° 80° 120° 160° 0° 40° 80° 120° 160° 
Polar angle theta in degrees 

20-20-0878-2721 

Figure 177 



THE ABSORPTION IS DEGRADED IN LONG PULSE, LARGE SPOT 
EXPERIMENTS gg 

§ Janus, Box Cat 
jji Argus, Plasma Cal 
T Argus, Box Cal 

I ~2 - 7 X 10 ' 5 W/cm z I ~1 - 5 • 10 1 6 W/cm2 

40 

30 

2 20 

10 

80 psec 

2O-90-O577-11O6 

100 

400 psec 

4 1 

200 °0 100 
d.M 
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TIME-RESOLVED SPECTRUM OF THE BACK-REFLECTED LIGHT 
SHOWS PEAK RED SHIFT AT TIMES OF MAXIMUM LASER POWER ig 

Streaked spectrum 
shot 38092911 

Laser pulse shape 

20 
Wavelength shift 

in angstroms 
PovwrilW) 

20-90-1278-4431 
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FROM THE ANGULAR DEPENDENCE OF THE MEAN RED SHIFT, THE 
DOPPLER AND BRILLOUIN SHIFTS CAN BE SEPARATED | J 

Shift in Angstroms from the laser line 

20-90-0578-1800 

Finure ]C0 



5320 A GREEN LIGHT EXPERIMENTS SHOW THE SPECTRUM OF 
THE BACKREFLECTED LIGHT SHIFTING TO THE RED FOR BOTH 
PARYLENE AND GOLD DtSKS AS THE TARGET (S TILTED ^ 

1.0 

GoM d i * tttgals 
i t 3 X 1 0 ' * W / o n 2 

1 , 1 ' I l< I " 

Piryline disk U'0«ti 
at 3 X 10 1* W/cmz 

-2 0 2 A 6 8 10 -12 -8 -4 0 4 8 

Wavelength shift in angstroms frprn the l«er lint 

J0.9W11G0-0295 

Figure I8l 



THE SPECULAR AND BACKREFLECTED PEAKS ARE EASILY 
DISTINGUISHED IN THE LONG PULSE EXPERIMENTS 

Angle measured from the specular direction 
40° 20° 11° 20° 40° 

600 

500 

400 

300 

S 200 

100 ~ 

20-90-0578 1941 

40° 60° 80° 100° 120° 140° 
Angle measured away from the lens 

Figure 182 



2co0 EXPERIMENTS 

12 

10 
Au target (600 jum d i a) 
X = 0.532 f (m 
I = 2-4 X 1 0 1 4 w/cm 2 

100 jim laser spot 
600 ps FWHM (-Gaussian) 
p polarization 
f/2 focusing lens 

8 
o 
8 

o o 
10 20 30 40 50 60 

Angle of incidence, degrees 

70 80 

20-15-0180-0023 
Fiqure 183 



RAMAN LIGHT GENERATION IS OPTIMAL WHEN THE ELECTRON 
PLASMA WAVE IS DRIVEN NEARLY RESONANTLY AT THE TURNING 
DENSITY OF THE RAMA.N-SHIFTED UGHT WA*VE m 

Ray irajectory has ° 
the equation 

Z = L cos^rt 

Increasing 
electron density 

4Lsin20„ 

" Interaction region has longtitudinal 
extent proportional to Uu L 

TSVWS&TWBSJ 

Figure 184 



DEPENDENCE OF THE RAMAN LIGHT WAVELENGTH ON 
THE ELECTRON DENSITY FOR BACKSCATTER us 

2.4 
T " l I I I I I I | I I I I I I I I I I | | | 

I I I I I I I I I I I I I I 1 I I I I I I I I I | 
0.05 0.10 0.15 0.20 0.25 

20-90-0480-1383 Electron density N e /N c 
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THE WAVE-BREAKING ENERGY INCREASES WITH 
THE BACKGROUND ELECTRON TEMPERATURE 15 

Backward scattering 
using the Bohm-Gross 

approximation 

0.05 

209008792761 

0.10 0.15 0.20 
Electron density N/N .. 

cnt 

0.25 

Finure no 



RAMAN LIGHT EXPERIMENT IM 

1.0 

I 
i 

in 

0.1 

0.01 -

0.001 

1 0 - 4 

— i — i — T — r 
-Laser wavelength 

1.0642 urn 

| Gold Z= 79 
! Barium Z- 56 
TinZ=50 

J L 

T — r 

J t i M JL J- _L JL 

20 90-0679-1953 

1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0 2.1 2.2 2.3 2.4 2.5 

Wavelength in microns 

Figure 187 



RAMAN LIGHT EXPERIMENT - SHORT PULSE TRANSPORT EXPERIMENTS H 

0.1 

0.01 

S 0.001 

= 10" 

10" 

Laser wavelength 
1.0642 fim 

O Gold Z - 79 A - 196.97 
O Aluminum Z = 13 A = 26.98 
a Parylene (CH) 
D 0.68 um Parylene on aluminum 
• 0.25 um Parylsne on aluminum 

< ~t lExact co /2 
frequency 

czaizzi 

CzZL 

(Double pulse) 

CB 

£ 
1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0 2.1 2.2 2.3 2.4 2.5 

Wavelength in microns 
20-90-0779-2241 
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RAMAN LIGHT MEASUREMENTS 
FOR GOLD DISKS IRRADIATED AT HIGH INTENSITY 

Experiment 
description 

~ 1 0 1 6 W/cm 2 

100 jim diam spot 
600 joules in 600 psec 
Target tilted 30° 
toward the light 
collector 

1.6 (im 

0.33 joules/ 
(SR-jum) 
IN PLANE 
A0 = 5.6° 

~ 1 0 1 7 w /cm 2 

Best focus spot 1.3 — 1.7 joules/ 
900 joules in 1000 psec (SFt/im) 
Targets irradiated at IN P LAN E 
normal incidence Ad = 25° 

Spectral intensity measurements 

1.8 jxm 

> 0.26 joules/ 
(SR-fim) 
IN PLANE 
AS =7.2° 

0.84 joules/ 
(SR-fxm) 
IN PLANE 
Ad = 25° 

2.0 Mm 

— 0 . 4 -

2.13 nm 

1.1 joules/ 
(SR-ium) 
IN PLANE 
A0 = 11.2° 

1.2 joules/ 
(SR-Atm) 
IN PLANE 
Ad = 25° 

20-90-1079-4402 
Figure 189 
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Intensity - keV/keV 

~l—i i rnrr| 1—i i i i n i | 1—i i i l i i | | 1—r—n i nr| 1—i i r u n ; 1—i i I n i l 

Will 
g a i S S S i 

firm 
N - - . O -» -• 
in g 

ixuJ i—i I 11 nil i • ' ' ' " • ! i i 11 uil t i i i m i l 



TIME-RESOLVED X-RAY SPECTRA (Au-DISK) us 
Shot #37072202: 352 J/209 ps,3.44X 10 1 5 W/cm 2 

10 6 

t(os) ec (keV) 0 h (keV) 
133 1.15 5.5 
192 1.4 6.7 
229 1.3 8.2 
328 1.2 6.5 
372 1.2 -6.0* 

Expected trend 

229 ps 
192 ps 

20-50-0877-1885 
10 20 

\w (keV) 
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EVOLUTION OF THERMAL AND SUPRATHERMAL TEMPERATURES OF 
GOLD DISK TARGET y 

1.6 4 /"» 
Shot #37072202: 352 J/209 ps. 3.44 X 1 0 1 5 W/cm 2 

10 ' I ' l l 
o K 

8 

- 6 
" c r ' 7 * \ 

/ £. / 
<x> / v.. 4 / >o o -

6 
2 - ~ 

0 I , I , 

1.4 

- 1.3 

1.2 

> 

100 
20-50-0877-1548 

200 300 400 
1.0 

t (ps) 

Figure 192 
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1 0 1 3 

1 0 1 2 

? 10 1 1 

> 

> 10 1 0 

J 109 

> 
TO 

10 

10' 

- * A l ' ~ 
_ A. • 0.25 ^m CH - Al -

- m 
• 2 / 3 M m C H - A I _ 

— T 
_ • 

A * CH 
FFLEX data-circled -

— 

a 

9 
7-s data-uncircled 

•® 

: 

X, 
X X X X X 

'® 
- -
- 1 1 -

7 -

20-01 -0580-1648 

10 20 
hv (keV) 

30 
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INTENSITY AND WAVELENGTH SCALING OF CHARACTERISTIC 
HOT ELECTFSON "TEMPERATURES" L5 

1000 

100 

Origin of Data 

O LLL 
0 Ecole Polytecbnique 
• Limeil 

r~l LASL (many values in range) 
x Garching 
& Culham 
V Awre 
* Osaka 
* IMRC 

£ 10 

10' 

2Q90 04B0 1349 

10 10 10 ' 

l L >.2, * - i i m J / c m 2 

I D 1 6 10' 10" 
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HIGH ENERGY XRAY ANGULAR DISTRIBUTION . . . OR THE 
SHIVA BUTTERFLY _ 

• Shot 89060702 - 6 3 9 J. 200 p. 
• Shot909060ei7 -626J . 100pt 

<r 

r-Disk 
/ target 

.<<.' 
J/ar 

- L C above 50 k,V 90° 

20-504379-2268 
. . . _ v , _. I Lasar beams 
FFLEX location | 

Figure 195 



HIGH ENERGY X-RAY ANGULAR DISTRIBUTION U 

E 

ll> 

o 3 

9 

Single beam 
on gold disk 

J L J L 

Intensity 
Beam Shot no. Energy (J) (10« w/cm 2) 

13 D 72702 207 2.11 
13 O 81004 191 1.77 
11 A 80914 209 2.13 
17 C 80915 247 2.52 
3 D 81008 219 2.03 

Beam M° A0° <E) 
13 0 0 
11 72 7.7 
17 36 17.4 
3 0 0 

60 120 

0" (at^=126°)26° 

180 

20-50-0280-0396 

Figure 1% 
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19 

2.8 X 1 0 1 4 -
cm 

20-90-02804342 

Figure 197 I 
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STUDY OF SUPRATHERMAL e~ PRODUCTION 
USING K a X-RAY EMISSION Li 

Applications: 
• Investigate E h o , as function of later 

pulse length and intensity 

Study spatial distribution of E ^ 
production by placement of Kj, x-ray 
disks at different areas in later 
target interaction 

f , (E.) determinations by using disk* 
of different CH thickness to sample 
different portion of r spectrum 

Yield K „ « / E. flux(E,)dt% 

CH thickness determines 
Emin 

20-50-02800345 
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PREHEAT MEASUKED ON BACK OF DIRECTLY ILLUMINATED THICK 
GOLD DISKS L5 

14.5 fim 

Dante L shows 20 to 
30 eV prompt preheat. 
Computations agree. 

Computations suggest 
0.2 eV preheat plus 
5 eV shock near t = 0. 

Computations suggest 
b) 0.05 eV preheat plus 
5 eV shock at 1 ns. a) 
is mysterious. 

20900779-2209 

["inure 200 



U3 X RAY MICROSCOPE IMAGE IMPLIES THAT TRANSPORT INHIBITION 
EXISTS 

Parallel 
direction 

-50 0 50 
Zlfim) 

Transverse 
direction 

50 0 
R (Mm) 

i l o g l 

s 1 •tt "» / I I J 1 1 
/ / 

\ \ 
» / \ \ 
; / \ \ ' a V\ 

Ref. calc 
No inhib. 
Exp. 

50 

Figure 201 



THE THERMAL TEMPERATURE FROM THE X-RAY SPECTRUM 
INCREASES WITH SPECIFIC ABSORBED ENERGY .H 

0 0.1 0.2 0.3 0.4 0.5 0.6 
Total specific absorbed energy, 

EA/M T,J/ng 

20-900877-1693 
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Simul taneous beams West beam de layed 42 ps 

, 1 0 0 M ICRQJ i : 

? D ! l 7 3 0 4 2 5 0 2 - 4 
DC4.TM 7 i 0 4 rsCi 
" 1 * C V U l H C f l U 

P D S t 7 S 0 4 2 3 0 4 - 4 
n c t r * n r« r ; r< i r r 

West beam de layed 84 ps 

East 
beam 

West beam de layed i n f i n i t e l y 
( one -s i ded i b o t ) 

F igure 203 
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FRACTIONAL RADIATION LOSSES FROM Au DISKS 
1.06 nm Irradiation — • at 2 ns, o at 900 ps 

.LH3 

100 r 

Incident intensity liV/cm*) 

ID 1 * I D ' 5 

Based on an experimental angular distribution of the 
X-ray flux w.r.t. target normal 

Based on cos2 distribution of the x-ray flux w.r.t. 
target normal 

?0-90W8©li&2 

("inure ?05 



LOW ENERGY X-RAY SPECTRA OF 
DISK TARGETS OF Dl FFERENT MATERIALS .13 

Laser: I = 5 X "iO 1 4 W/cm 2 , 1 ns FWHM 
10 3 

20-90-1079-4441 
0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 

hv. keV 
Figure 20t 



CODE CALCULATIONS REPRODUCE THE 
FEATURES OF THE MEASURED Sf ECTRUIV u 
Ti taget, I = 5 X 10 1 4 W/crrt2, 1 ns FWHM 

10J 

10^ 

> 
J* 

10 I k 

10 l 

T 1 r r 
Non-inhibited 
Inhibited 

<•> Experiment 

<£>exp = 1 6 ± 1 
<Z>COde - 16 ± 2 

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 
20-90-1079-4442 h^. keV 

T iciurc.' 207 



Z DEPENDENCE OF THE TIlVIE-RESOLVED SUB-keV X-RAY EMISSION 
FROM LASER-PRODUCED PLASMAS ( J 

Laser 
I = 5 X 1 0 1 4 W/cm 2 

r 2 V 
L o 

1 ns FWHM 
r 2 0 V 

2 2 T i 
LO 

XRD 
520 eV channel 

r 2 0 V 
2 2 T i 

LO 

190 ps resolution r 4 0 V 
5 0 Sn f 

L 0 

r so v 
7 9 A u l 

U 
I-200V 9 2 u f 
L 0 

20-50-0679-1864 
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TIME-RESOLVED SUB keV X-RAY EMISSION FOR Au-DISKS AT DIFFERENT 
LASER INTENSITIES (XRD: 940 eV CHANNEL, 170 ps RESOLUTION) | J 

I = 5 X 1 0 1 4 W/cm 2 

I = 3.3 X 1 0 1 5 W/cm 2 

20-50-0679-1865 
Lastf' pulse fiducial 

Figure 209 



Z DEPENDENCE OF LASER INTENSITY THRESHOLD FOR INHIBITED 
ELECTRON CONDUCTION [JJ 

10 

T= 8 

? 2 

20 40 60 
Target Z 

I I I 1 T / i , i 

- / -

-
/ 1 

-

- .,/ J ̂- ^ -

^ ^J^ 
1, 1 1 1 i 

80 

O LLLdata 

• Pearlman & Amines 
Appl. Phys. Lett. 27 581 
(1975) 

100 

20-90-0579-1848 

Figure 210 



DECONVOLUTION OF SIGNAL FROM RAW DATA USING 
MEASURED SYSTEM RESPONSE REVEALS MAGNITUDE OF 
OSCILLATIONS OF X-RAY EMISSION PULSE 

20-50-0480-1189 

.13 
Ti target, I = 5 X 1 0 1 4 W/cm 2, 1 ns FWHM, Shot #39042407 
XRD: 520 eV channel, 140 ps resolution 

Figure 211 



L5 

1.5 -

CM 
I 
o 
r-
X 

(M o 
c 

Ul 
LU 

0.5 I 

• Dante 
* Flat calorimeter -

i T 
i. 
L 

1 . 1 , — i _ _ i ^ ^ J 

0.25 0.5 0.75 1.0 
CH thickness (jam) 

20 01-0580-1649 
Figure 212 



ALUMENUSVi LINE RADIATION 5 ' (E„ dE)A_/E- VS CH THICKNESS 
1.5 v 'An inc JS9 

20-01-0580-1650 

0.25 0.5 
CH thickness 

0.75 

Figure 213 



SUPERTHERMALS HAVE A LONG MFP IN THE SHELL, HENCE A 
THERMAL TEMPERATURE GRADIENT IS ESTABLISHED 

Radius, jum Radius, jum 

50-60-0577-0B27 Figure 214 



COMPRESSION WAVE LAGS SHOCK WAVE UNTIL THEY STAGNATE 
AGAINST EACH OTHER PRODUCING MAXIMUM TEMPERATURE [* 

101 c-

10' 
> 

OJ en 

10" 

,oL 

10" 

= \ 1 1 1 ! = 
: (a) = 
- e„ T = +6 ps -
- e _ 

r 

~"v-
r r^ i ~ / : 
- i 
_ ! " •*. 
= / : 
- i / 
.-

6. -J ( : 
'-

/ 

1 i i i i i 

102 F 

1 101 b - - ' 

10° 

10" 

10" 

= i i i 1 
(b) 2 

-
e i 

T = = +36 ps ~ 

r" 
V 8 

e 

Z r" 
>« 

Z 

r 

-A P 

- ^ '"—"-* 

-
i i 1 I 1 

0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35 
Radius, (jm Radius, urn 

50-60-0577-0824 

Figure 215 



JANUS 12/19/74 - 9 

16 — 

15 — 

14 — 

> 13 — 

> 12 — 

lo
g 

I 

11 — 

10 

9 

8 

7 

— 

u 

K-edge Filter exp't. 

RAP bent crystal 
spectrograph 
Pb stearate crystal 
spectrograph 

1 10 

Photon energy (keV) 

100 

f iqure ?\h 



X-RAY LINE SPECTRA/ARGON FILLED GLASS BALL: L5 

r i—r 

2.0 2.4 2.8 3.2 
Photon energy, keV 

3.6 

40-90-0879 2387 
Figure 217 



YIELD EFFICIENCY OF HYPERION TARGETS 

o 
c 

• jQ-4p 1 - i 1—I i i i i | 1 1—i—I i IA i I I i i | 1 1—r: 

Argus 2-beam-^ X,^ T ' 

/ / 
F Janus, Cyclops / ^ / s h i v a 20-beam 

- Argus I-beam 

V Cyclops 1 -beam 

I 
0.1 

I-beam 

— j i i ' ' ' ' ' i i i i i i i i i i i i i i i i 

10 30 

Peak power, TW 

Figure 218 



TIME RESOLVED X-RAY SPECTRUM L3 
6e in the range 0.5 to 0.6 keV 

10° 

Iff 'tr 

«f 2 
10 2 

10-

E I I 
« ' ! ' = 

- \ B-34, 87 ixmP -
- \ 28J/70 psec ~ 

0 \ 

\ \ 
^ U\ 1 
- \ \ \ E 
1 \ N \ " Relative times . . \ 

z o 100 psec 8. * \ : 

2 D 200 psec 
\ \ X : 

- a 280 
- • 350 

I 

psec 
psec 

I 

(peak) ^ 

200 
Time (picoseconds) 

400 0 1 2 3 4 5 6 
MkeV) 

Figure 219 



X-RAY TEMPORAL SIGNATURE AS A FUNCTION OK LASER POWER 13 

515 
0.36 TW, 93 ps 
9 X 10 5 neutrons 
No prepulse 

520 
0.35 TW, 92 ps 
7 X 10 5 neutrons 
No prepulse 

517 
0.24 TW. 110 ps 
1 X 10 s neutrons 
No prepulse 

Time • 

J 
490 psec 

Figure 220 



SPACE AND TiME RESOLVED X-RAY EMISSION FOR A TARGET EXPOSED 
TO A LARGE PREPULSE 13 

i_V 

Shot No. 75060406 
Diameter (/im) 41.2 
Wall (tun) 1.29 
Laser power (TW> 0.49 
Pulse width (ps» 63 
Prepulse (mJ) > 5 

560 
Time — ps 

76081802 
103 
0.96 
0.41 
71 

~2 

Figure 221 



INCREASED INCIDENT POWER HW»*OVl*A«0*VTiOII 
COMPRESSION SYMMETRY WITH */f OPTICS 
••III I III • — — ^ • 1 i I ' — W W M ^ P T W f l ^ l M ^ ii i i i ii tmmm+mm 

32J-73PMC 
76062406-1 

JANUS - 0.4 TW 
32J-73psec 
7506240&4 

1.8 taV 

2.5 k«V 

«/7» 

Figure 222 



SPACE AND TIME RESOLVED X-RAY EMISSION FROM LARGE TAPPER 

I io-< 

I to-2 

K 

1 to- 3 

to- 4 

^ • . i , . ^ , . ^ . ; , 

Tin»^p» 
560 

20-MKB77-17QI 

Shot No. 70073099 76082002 
Oiamettr (jim) 125 106 
Walt (Mm) 0.06 0.75 
Law power (TIW) 0.45 0.28 
Puis* FWHM (ps) 79 100 

Figure 223 



SPACE AND TIME RESOLVED X-RAY EMISSIOM FROM SMALL TARGETS U" 
76021907 „ 76121703 

TIME, ps 
1000 

Shot No. 76021907 76070209 76121703 
Diameter (jjra) 65 67 43 

. Wall </im) 0.65 0.51 0.92 
Laser power (TW) 0.28 0.41 0.3O; ; 

Pulse width (ps) 75 75 52 

Space 

2O-9O-0&77-1800 

Figure 224 



MEASURED IMPLOSION HISTORY 

410 
7/8/76 

120 psec ° 

a =4.2 X,10 1 7 cm/sec2 . a = 3.4 X 10 1 7 cm/sec2 

-69 nm—-

40-00-1177-2801 



PUSHER/FUEL INTERFACE TRAJECTORY-SPHERICAL ILLUMINATION 
EXPERIMENT VERSUS LASNEX I D SIMULATION 

100 

80 

60 

40 
o 
3 
a 
tf 20 
E 

0 

- 2 0 

- 4 0 

- 6 0 

1 I 

v.'.i - Estimate of trajectory beyond 
the instrument resolution 

= X-ray pinhole/streak camera 
resolution (absolute time 
origin is not available from 
data) 
LASNEX 1-D 

• Peak of laser 
pulse 

Target and laser parameters 
70 nm diameter 
0.5 jicm wall 
0.45 TW/70 psec FWHM 

J_ _L 

20-90-0976-1769 
10 15 20 25 30 35 

Shell/fuel interface radius, jum 
40 45 50 
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NEUTRON AND a TIME-OF-FLIGHT MEASUREMENTS DETERMINE THE 
FUEL TEMPERATURE L3 

Neutrons 

peak 
AE 

a-partictes 

14.0? MeV 
423 keV 

=» Ts < 5.7 keV 
346 neutrons reacting with detector 

» W = 3.4MeV 
AE = 460 keV 
=*T, <6.7keV 
405 a's reacting with detector 

Shot: 36092208 9/76 

Figure 227 



SHIVA NEUTRON TOF EXPERIMENT .La 
1501—i—i—!—i—p—i—i—i—i—p 

{- DT neutron energy distribution 
Shot: 88092608 
Detector: 5A 3 

% 100 

8 

I 
z 50 

T, = 4.5 ± 0.8 keV 

— i i i i r 

• Data 
_ Gaussian fit 

' ' L _ _ l _ J 1 I l_ 
13.0 

40-46 0579-1328 

13.5 14.0 14.5 
Neutron energy, MeV 

15.0 

Finure 228 



D~He3 EXPERIMENT MEASURING THE THERMONUCLEAR TEMPERATURE J3 
<oV>, 

Cross section ratios 

»«, 1000 

DlDJ>)T 

< o V > H . 3 ( D J . ) He" 

I 100 

2 4 6 8 10 12 
Temperature, keV 

D-He3 Measurement 
o r . 1 i ! i 1 i -|- t 

• 

0.5 
— • " ' ^ W V . ^ ^ W 

1 
) 

— —D-He 3 protons-

1.5 -

i , 1 , 1 , 1 , 1 , 
40 

Shot #36111113 

2000 -1176-nH 

Laser energy 
FWHM 
D-D protons 
D-He3 protons 

Temp' 

0 120 
Time, rise*. 

160 200 

99 J 
49psec 
(8.614.3) X 105 

(1.7±0.2) X 10 5 

•K£) keV 

Figure 229 



f i n u r e ?"!C 



THERMONUCLEAR BURN IMAGING: MICROSPHERE TARGET L5 
Res. - 3 jim Res. - 10 ym 

(Thermal x-ray image) 
Target ball I 1 

10 /urn 

(Alpha images) 
I Res. - 3 pm 

Thermonuclear burn 
region 

40-90-1177-2S05 1/78 
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THERMONUCLEAR BURN IMAGED WITH ALPHA PARTICLES .13 

Shot parameters 

Power on target 

Pulse width 

D T fill 

40 90 -0378-0862 

Laser irradiated 
target 

2.4 X 1 0 1 2 watt 
50 X I D " 1 * sec Neutron yield 
1,6 mg/cm3 Ball diameter 

Finure 232 



NEUTRON ACTIVATION m 
Exploded pusher 
p A R } p ^ 6 . 9 X 10 _ 4 g /cm 2 

(rad chem) 

Compressed core 
P f ~0 .1 g/csn3 ^ 
[a zone plate) 

20-50-0579-1607 
Future 233 



NEUTRON YIELD NORMALIZED WITH RADIUS & WALL THICKNESS, etc. L i 

1 0 i o 

-,0 9 

c 10 8 

1 10 7 

« 
o 

°̂ 

* 10 5 

10 4 

1C3 

— , — r — J , 
Uncertainty in e is £±.15% 
r # = 42.5 /im 
w^ ™ 0.8 um 
O Hyperion I 

_ D Hyperion I. 
long pulse 

A Hyperion II 

5 s ^ 3 ' £ 

2 

Using N ~<ov>IT}12, and scaling = 
i on " -> 

T t o n with e (T = 8 keV for e - 1! 
I 1 I L _ l 

0.04 0,06 0.1 

20-90-0877-1944 

0.2 0.4 0.6 0.81.0 
e = E A / M T 

Figure 234 



SIMPLE SCALING MODEL .m 
N s n D n T <ov >Vt ~ n a

2 R0

4 C 2 / 3 <ov>T",, 1' 2 

As uming " o n o 

Tion - E,./Mp = er OT 
fill 

Then 
for 
fixed W = 8.6 X 10s R 0

1 0 « wr2* e-T* exp (-5.45 e,""*, 

Here 

R 0 = Initial microshell radius in pm 
w = Initial microshell wall thickness in / im 
M p = 1/2 the initial shell mass in ng 
E c = The useful fraction of the absorbed energy in J 

E c = 8 " J uPWA + j J* rjP(t)dt 

explosion 
phase 

M _ 
aeceleration 

phase 

JJ = fractional absorption 
t a - t ime required lor Shockwave to penetrate shell 
t c — t = time required for pusher to traverse ~ 25% of R0 

20-90-0877-1621 

•» t 

Figure 235 



CORRELATION OF NEUTRON YIELD WITH SIMPLE EXPLODING 
PUSHED MODEL 

io'° 

10 s 

N(exp) 
F( V r o ,w) 1°' 

10 s 

10 4 

1 0 3 

4/3 10/3 

-••'••-£) &) © 

O Hyperion I 
Q Hyperion I, large diameter 

long pulse 
A Hyperion II 

• Shiva 1 S - 2 0 T W 
D = 3 0 0 - 4 0 0 / < m 

r0 = 2 0 - 2 0 0 jim 
v» » 0A — 3 jm> 
,0,, = 0 . 5 - 9 mg/cc 
T = 25 - 225 psec 
P = 0.1 - 20 TW 

0.4 0.6 0.8 1.0 2 4 6 $ 10 
Model derived fuel averaged ion temperature, keV 

20-90-1077-2927 1 2 0 8 
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DENSITY MEASUREMENT EXPERIMENT 113 
0.3 ' f "I I Shot data: 76110506 

- 0 . 2 7 / * t 
Diam: 42.6 fim / \ 
Wall: 0.48 pm / \ 
Fill: 1.71 ma/cm 3 5 0.2 -

i - " / \ 
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2O-9O-0S77-O483 
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DENS1TV MEASUREMENT EXPERIMENT .113 

Shot data: 76121703 

Diem: 
Wall: 
Fill: 

43.0 fitn 
0.92 jjm 
2.30 mg/cm 3 

Energy on target: 15.5 J 
Laser pulse FWHM: 52 ps 
Neutron yield: 5.8+1.3 X 10 s 

"0.88 0.92 0.98 1.0 
Photon energy - keV 

Neon line profile 

T 

' — 71-psFWHM 

J I 
750 1000 250 500 

Time — ps 
Temporal shape of x-ray emisf in 2.6 keV 
channel 

400 100 200 300 
"Vfltlta —"TJS 

Temporal profile of laser pulse on target 

100 

40 60 
Microns 

g0 100 

X-ray micrograph and intensity profile 
3.5 keV channel 

20-90-0677-OW 

Figure 238 



TABLE V: LINE WIDTH CALCULATIONS 

Observed width (Aw) 

Instrumental width (w.) 

Intrinsic width) w. . 
y int 

/ Aw - Wj 

Fine structure {WfS) 

Ion temperature 

Doppler width (W„) 

Stark width (w = w. . — w. — w . ) 
s int rs D 

Fuel density 
20-90-0877-1731 

113 

Shot Shot 
Number Number 

76110506 76121703 

2.9 ± 0.3 4 4 + 0-3 
* - 0.7 

1.2 ±0.2 1.2 ± 0.2 

0.9 ± 0.3 . fi + 0.4 

0.4 0.4 

0.6 ± 0.1 keV 2.0 ± 0.5 keV 

0.5 ± 0.04 0.9+0.1 

0 +0.3 0 3 + 0 ' 4 

U d - 0 . 7 

0-0.6 gm/cm3 0.6-1.3 gm/cm 

Table VI 



POLAR MICROGRAPH SHOWS ILLUMINATION GEOMETRY M 

Calculated absorption Polar x-ray microscope image 

20-50-10/3-3769 
Fifiure 239 



2.0 keV X-RAY PHOTOMICROGRAPH (SHIVA 88100604) L3 

Experiment Calculation 

5 0 6 0 0 4 7 8 1415 Finure 240 5/79 



COMPRESSION DYNAMICS: HYPERION TARGET 

TN burn and x-ray image overlay 

Note: Most but not all the TN burn occurs in the compressed hollow 
between the two discs of hot pusher material 

.15 
Zone plate camera images of thermonuclear burn and thermal x-ray emission: 

40 90 0179 0056 

Fimire 241 



X-RAY SPECTROSCOPY WITH SLIT IMAGING: L5 

I 
i 

PET 
crystal spectrograph 

<2<S = 8.7 A) 

Target emission 
zones 

~ 20 (iiti slit 
for one-dimensionui 

imaging 

Ar lines only 
in core 

K lines in core 
and corona 

40-90-0379-0849 9/79 

F i i w e 242 



IMPLODED TARGET CONDITIONS -few-

Exploding pusher Intermediate density 

DT (2mg /cm 3 ) 

S i 0 2 pusher 
(1 nm) 

DT (10 mg/cm 3 

Polymer 
ablator 

(15-50jum) 

S i 0 2 (5 urn) 

Initial inner diameter - 300 tim 
20-30 TW 

4-8 keV 

P D T " 0 1 9/cm 
Ny 
T 

1 0 9 - 1 0 1 0 

< T. 

< P A R ) p u s h e r 
2090 1079-4091 

5 X 1 0 - 4 g/cm" 

initial inner diameter'- 140 nm 

T ( - 0.5-1 keV 
pDJ - 2-5g/cm 3 

Ny - 10 7 10 9 

(pAR) puslter 1-2 X 1 0 ~ " 2 g / W 
2/Sf 

Figure 243 



PHOTON RANGE DATA FOR COMPRESSION DIAGNOSTICS: U 

c ,o 
u 
(0 

1.0 

r io-1 

E 
3 

10 - 2 

^ T r I I i i in 

j \ \ m m '. -• M*m:M I i-i t 
10 - 4 10 - 3 10 i-2 10 - 1 

X-rays 
I I I III 

10° 

pR, g/cm2 of Si0 2 

40-90-1079 4288 

Figure 244 



,13 

10* E—i "T i m m — i i i I I I I I I — i i 11 rrdj 
Glta opacity 

« T * = 500«V 

10' 

He-like resonance line 

Bromine L x-rays 
Phosphorus He-like 

resonance line 

10»[ i l l " • " ! ' ' " " " I \ I I IJLUl 
10"' 10° 10' 10 2 

E photon (k«V) 

J08WPMO-0M1 

Figure 245 



BALLON-STALK IRRADIATION GEOMETRY .L3 

Inner beam 

X-ray micrograph 

Outer beam 

Tangential 
focusing 
scheme 

20-50-0*79-2503 
Figure 246 



-411-

400/im 

400/im 

Channel 4 

4« 

400 jim-

SHOT 83071105 
140 X 5 + 15 CF 
BALL ON STALK 

3.6 k J/200 psecFWHM 

Film density 

":-.nnel2 1.5-2.5 keV 
Channel 4 3.5-4.5 keV 

204<M>87»2B61 

Figure 247 



BALL-IN PLATE IRRADIATION GEOMETRY .13 

9 around 1 
focusing scheme 

X-ray micrograph 

20-50-0879-2504 
Fiqure 248 
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Channel 2 

^s, i 

40C fim • A tttr^f/r jf# 40C fim 

* ^ S ^ ^?/*J /*"' 

^ 
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SHOT 89072508 
1 4 0 X 6 + 1 5 CF 
BALL IN PLATE 

Z7kJ/210psec FWHM 

400 ̂ m 

Channel 4 

e> 9 . 

r ^F7 

^ 
FWHM = 36jmi 
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. 

^ 

) d
en

si
ty

 

FWHM = Jl 
37/im ill 

s 

-« 400 urn —»-

Film density 

Channel 2 1.5-2.5 keV 
Channel 4 3.5-4.5 keV 

20-9HB79-2560 

Figure 249 



J i i i i i i y i i l i i i l . L I bill 11 t 

IVIULTiSPECTRAL X-RAY IMAGES: INTERMEDIATE DENSITY TARGET Bj 

Teflon coated microsphere target (145 X 5 + 17); 200 psec pulse; shot (89072010) 

,— lso — Intensity Contour Maps-

(2.7 keV) 

*&» 

(4.6 keV) (6.1 keV) 

^ 

(16 keV) 
©_ 

• ^ 

40-90-1079-4390 

^-Intensity profiles 

4/80 

Figure 250 



BALL-ON-STALK IRRADIATION GEOMETRY m 
Inner beam 

176 jam 

Outer beam 

X-ray micrograph 

Tangential 
focusing 

40-90-0280-0297 
Picture 251 



MULTISPECTRAL X-RAY IMAGES: INTERMEDIATE DENSITY TARGET ||g 

Teflon coated microsphere target (141 X 4.6 + 15); 200 psec pulse; shot (89072310) 

(5.9 keV) 

41 «m 
_^*i _te 

s- Iso-intens'Uy contour rnaps-^ 

(6.6 kev) (lOkev) 

r. 
N j ^ ' " 

(17 kev) 

40-90-0480-1455 
V Intensity profiles 

Figure 25ZA 

y 



THERMAL AND SUPRATHERMAL X-RAY IMAGES: IPX TARGET ||g| 
Images shown were recorded on a single target shot with a single zone plate camera 

Thermal x-ray image Suprathermal x-ray image 
(6.5 keV) (16.5 keV) 

40jum 
Compressed "fuel 

dimensions 

<L 
(21 X 25 fim) 

Zl urn Shot #: 89072310 
Lasarpulsa: 200psec 
Laser energy: 4.1 KJ 
Neutron yield: 7 X 1 0 .8 

40-90-01800250 Thermal image intensity profile 

Figure 252B 



HIGH ENERGY X-RAY EMISSION SUGGEST T h o t ~ 30 keV, / h o t > 0.5 y | 

• Significant uncertainty: angular emission modulation 
140 urn I.D. X 5 fim glass + 15 jum CF 1 4 

T 

1.0 10 
hv, keV 

r, • 200 ps 

Einc = 4 k « 

Calc. 
T h o t : 

Source = 35 keV 
- X-rays = 21 keV 

'hot = 0.90 

Exp. 

100 

Tj | o t = 24±5keV 

/ h o t > 0 - 5 

50-60-1079-4351 

Figure 253 



RADIUS VS TIME FOR "10X" BALL TARGET SHOWS 
EARLY ABLATION FOLLOWED BY PUSHER DECOMPRESSION us 

A "swelling pusher" implosion 
140 jum I.D. X 5/imglass+ 15A«mCF1 4 

1(T7 

E 10 

(0 
CC 

10 3 -

10" 

50-60-1079-4350 

1 1 ' A i 1 
/ C F 1 . 4 

i 1 i 

R C R I T 

C F 1 . 4 

* * % 

i 1 i 

R C R I T 

C F 1 . 4 

- DT ^ uJJM^_ 

Laser pulse 
i i J 

i i i 
i i i 

i : i i i 1 i i i 
0 0.2 0.4 0.G 

Time, ns 
0.8 1.0 

T, = 200 ps 
Einc = 4 k i 
E a h $ = 700j 

Figure 254 



COMPRESSION DIAGNOSTICS AhE SENSITIVE TO SPACE AND 
TIME DEPENDENCE OF TEMPERATURE AND DENSITY: .19 

10 - 2 

R f = 16 (im 
~p ' 0.8 g/cc 

- } — — . R j - I O j i m 
7»3.B9/cc(17X) 

1 f l _31 1., J 1 L 
0 60 Mm 

1 0 i r — T j . . ^ r _ _ 1 — , 

Tj = 1.5 keV 

120 jum 
10 i - 2 

140X5X15jtimCF 
3.4kJ/200p*/17TW '_ 
1p/LTE/No Mix 

50*0-507*4287 Radius 

60jum 120 jam 

Radiu* 
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TYPICAL RESULTS OF A pAR 
MEASUREiVIENT ON A POLYMER COATED BALL TARGET 

Laser energy 4.1 kJ 
Pulse length 212 ps 
Neutron yield, Yn (6.7 ± 0.6) X 10 8 

Detector efficiency, T?D 33 ± 40% 
Collector fraction, r)c 55.3 ± 0.5% 
Delay time. At 1.36 min 
Count time, t c 5 min 
Number of counts 770 ± 36 
above background, N c 

Background 438 + 8 
Number of activated _ — 7QRn + m/in 
atoms created, N* /you — iy*ru 

^A R)puSher = 
N* 

^A R)puSher = 

A - 0.0059 + 0.0015 g/cm 
Y n a f — 

n A 

10-15-1079-4459 
(p) f u e , - 0.99 ± 0.38 g/cm3 

Figure 256 



RESULTS OF SENSITIVITY STUDY SHOW p F CAN BE INFERRED 
FROM (p-AR)p WITH ~ 2X UNCERTAINTY 

10* 

f 101 

10° 
10~ 

50-60-1079-4S62A 

-i r , - | 

At peak compression 
p - (pAR) 3 ' 2 

- A* mix or burn time 

I D " 2 

Effective pusher p-AR, g/cm2 

Fiflure 257 

i r r 1 

.US 
140 /im I.D. X 5 /jm glass + 15 pan CF 1 4 ,0 .01 g/cm3 DT fill 

T L = 200 ps 

2/80 
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10X LIQUID DENSITY EXPERIMENTS m 
Measurement Summary 

140 X 5 + 1 5 CF balls i -200psee FWIHM 

Shot no. 
Lasei 

energy 
Neutron 

field 

Radiochernistry x liquid density Arjion 
line 

FVtHM M 

X Uruild density 

Shot no. 
Lasei 

energy 
Neutron 

field 
pusher (pAR) eff 

| G W ) 
PpT 

simple model 
PDT 

simulation 

Arjion 
line 

FVtHM M 
P D T (arson line imaging) 

Shot no. 
Lasei 

energy 
Neutron 

field 
pusher (pAR) eff 

| G W ) 
PpT 

simple model 
PDT 

simulation 

Arjion 
line 

FVtHM M Sphere 2:1 eltiatoid 

89071706 1.99 kJ (1 .56 *0 .221X10 ' 50 J 10 5 ± Z 1 .3*0 .4 

89072310 4.10 kJ (6.710.6) X 10* 0.0059 10.0019 tl 
rc18*| 

89072310 4.10 kJ (6.710.6) X 10* 0.0059 10.0019 tl P B 9 , i 

89072513 3.48 kJ (1.30 i 0.14) X 10 s 0.0047 i 0.0022 4.1 
P C 1 3 » _ I O 

2 0 4 5 23 t 9 •3 89072513 3.48 kJ (1.30 i 0.14) X 10 s 0.0047 i 0.0022 4.1 P B 6 : t 2 0 4 5 23 t 9 •3 
89073104 4.10 k J (6.510.7) X I d 8 35 t S 5 ± 2 1 .3*0 .4 

88073106 3.96 kJ (3.510.4) X 10° 0.0063 :• 0.0018 6 - 2 
^wi. 

3B±E 5 ± 2 13 ± 0.4 88073106 3.96 kJ (3.510.4) X 10° 0.0063 :• 0.0018 6 - 2 re10.5*Jl 
3B±E 5 ± 2 13 ± 0.4 

PB^fftslkbum P C - peak compression 

20-90-0180-0257 
Fioure 259 



FUEL DENSITY AT BURN TIME VERSUS NEUTRON YIELD ys 
100.0 FH I I - I I 

10.0 u o 

o> 

R 1.0 

0.1 

rrrr i 1—i—i i n in 1—i—v \ i n » \—i—i i 11 HI 1—i—r-rr-rra 

* 

© 

100 X liquid DT 
Lead-

10 X iiquid DT-

Liquid DT 

T 
?• 

i i i [.i m l , i I . I 11 m l i i * i i i i M i l l i \ i i i i n 

10 b 

20-15 0579 1728B 

10' 10' 8 10 3 i l O 11 

Neutron yield 
1 0 , u 10 

Simple Model 
LASNEX 

Figure 260 



THERMONUCLEAR CONDITIONS ACHIEVED IN FUSION 
EXPERIMENTS .LS 

o.i 
50-90-0877-1896 

10 10 
Ion temperature 

100 keV 

3/80 

Figure 261 
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NOVA CHAIN PERFORIVIANCE 15 

o a 
L. o 
3 

I 

QZ-at-Q-tt&QjQA&A. 

_L 
100 ps 300 ps 1ns 

Larar pvfcfe within 
3 ns 10 ns 

Figure 263 



NOVA CHAIN DESIGN O 

A A A 
L - j k . , 

31.5 cm disk amps 

,20.8 20.8 14.5 9.4 9.4 

20.8 14.5 
10wa\ 
split 74 c m 

Rods 
[A] N-cm aperture amplifiers 
x Spatial filters 
W Faraday isolators 
^ Mirrors 
(fll Focus lens, window, debris sheild 

Optical schematic showing one (of 10) nova phase I amplifier chains. 
Following the amplifiers, a final spatial filter expands the beam to 74 cm 
clear aperture for transport to the (AR coated) target focusing optics. 
Dashed amplifiers indicate later amplifier additions for higher energy. 

02-31-0180-0047 
Figure 264 



PROPAGATIOIM GEOMETRY FOR HIGH POWER LASER CHAINS L! 

4 

Argus 
^ K ] 2 o M D ( 
irgus N ' " f 1 

28 

M-
»^"IX^ 16 21 31.5 46 74 

I I I I J L J L J I 
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 

Distance in meters 

02-90-0579-1378 

Figure 265 
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NOVA T) 

system 

Fioure 26C 



NOVA TARGET ILLUMINATION 
Large Cone Angle Allows Nearly Uniform Irradiation 
Beam alignment on a 2000 Mm dia sphere Polar plot of right I 

1000 Mm 

Target 
chamber -* 

axis 

2550 Mm 

Beam geometry 
5 beams/hemisphere 
f/3.0 lenses 
55° polar angle between lens and chamber 
axes with 72° azimuthal separation 
between beams 

02-31-0280-0370 

Calculated intensity distribution for 
shown alignment and 10 TW/batm. 
Outer radius corresponds to < 

Color code: 
White: 1.2 X 1 0 1 5 W/cm 2 

Yellow: 6 X 10 ' 4 W/cm 2 

Red:3X10 M VV/cm 2 

Oranije: 1.5 X 1 0 1 4 W/cm 2 

Figure 267 



> 100 nv 
r^v 

Neutron "pinhole 

•Target chamber 

Nova II water shielding 

Target room 
shielding wall 

!Wvl 

Detector 

c±±Q 

Detector 
shielding 

100 $ magnification $ 1000 

Figure 268 



Target neutron yield 



INOVA LASER FUSION FACILITY 



1000i 

(0 en 
•*-» a> 
1 -
(0 
I-

100 

10' 
10E 

Conservative J 

10' 
Input energy, J 

20-90-0580-1671 
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REACTOR TARGET DESIGN 

LiH ablator 

. HiZ polymer shield 

Frozen DT-main fuel 

Low density DT gas 

AM pusher 

DT-ignitor fuel 

Diameter 0.5 cm 

50-90-1078-35O4 

Figure 272 
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HiQH YIELD U T H U M INJECTION 
FUSION ENERGY CONVERTER 

MJUIKCTOF 
LITHIUM J ITS 

OUTLET 

Figure 273 




